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Endocrine disrupting compounds (EDCs) and pharmaceuticals and personal 
care products (PPCPs) are emerging environmental issues that have generated 
increasing concern among the scientific community. Adsorption by activated 
carbon has been considered as a flexible, convenient and economical way to 
treat these trace level organic contaminants. 
 
For the purpose of improving the eliminating efficiency of EDCs/PPCPs from 
drinking water, commercially available powdered activated carbon (PAC) was 
further ground to produce submicron-sized activated carbon (SPAC) and 
applied to a hybrid process which combined PACs with low pressure 
membrane (UF) separation. The research scope covers estimation of the 
adsorption kinetics and isotherms of three selected EDCs/PPCPs compounds, 
namely estrone (E1), carbamazepine (CBZ), and diclofenac (DCF) with 
different structure and properties, exploration the competitive adsorption 
mechanism of NOM on E1 removal, and investigation of the removal 
performance of DCF by the PACs-UF hybrid processes in various water 
matrixs.  
 
In the first phase, two batches of SPAC were produced with a planetary ball 
mill through dry grinding and wet grinding methods. The particle sizes were 
reduced from around 37.6 µm to within 1 µm after grinding. The adsorption 
 viii 
 
kinetics and isotherms of E1, CBZ and DCF were established in both pure 
water and humic acid (HA) containing water. The results showed that SPACs 
had much faster adsorption kinetics for all of these compounds (E1, CBZ and 
DCF), and E1 performed the fastest adsorption kinetics with maximum 
adsorption capacity and the negatively charged DCF performed the worst. The 
efficiency of dry grinding-SPAC (D-SPAC) was better than wet grinding-
SPAC (W-SPAC) which may be due to the bigger micropore volume of D-
SPAC. 
 
In the second phase, the competitive adsorption mechanism of NOM on E1 
removal was examined from three aspects, such as NOM concentration, 
molecular weight and hydrophobicity, with D-SPAC and PAC. The results 
presented that the pore blockage effect became more severe as the NOM 
concentration increased. It revealed that direct adsorption site competition 
occurred as the low molecular NOM existed, while the pore blockage effect 
was the main reason of adsorption capacity decrease as high molecular weight 
NOM existed. For different NOM hydrophobicities, it has been found that the 
adsorption performance of E1 was the highest in hydrophobic fraction 
containing water, followed by the thansphilic fraction, and the lowest was in 
hydrophilic matrix. It could be resulted from that E1 could be bound with the 
hydrophobic NOM and removed by PACs simultaneously. 
 
In the third phase, D-SPAC/PAC was combined with UF membrane and the 
DCF removal efficiency with this hybrid PACs-UF was explored in both pure 
water and HA containing water. The interaction effects with some solution 
 ix 
 
chemistry factors, such as pH, cation species and concentrations, were 
investigated. The results showed that SPAC could have a better performance 
than that of PAC in all kinds of conditions. It revealed that the removal 
efficiency was the highest in the acidic condition (pH = 4). For the cation 
effect study, the addition of Na
+
 could improve the removal of DCF. However, 
Ca
2+
 could improve the DCF removal largely in pure water while it could 
hinder the DCF removal in HA containing water. 
 
Finally, the feasibility of this hybrid PACs-UF system for DCF removal was 
examined with natural source water. With a flux as high as 100 L/m
2
/h, it has 
been found that the addition of 1.4 mg/L SPAC could alleviate the trans-
membrane (TMP) pressure buildup, and the DCF removal could maintain 
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The recent emergence of endocrine disrupting compounds (EDCs) and 
pharmaceuticals and personal care products (PPCPs) have become an 
emerging issue in drinking water treatment. Reports showed that EDCs/PPCPs 
had been frequently detected in water environment including wastewater 
treatment plant (WWTP) effluents, surface water and ground water used as 
drinking water sources and sea water with concentrations ranging from ppt to 
ppb levels (Kolpin et al., 2002; Servos et al., 2005; Focazio et al., 2008; 
Bolong et al., 2009; Huerta-Fontela et al., 2011). The widespread use of some 
drugs and inefficient removal by WWTPs are the two main sources for the 
common detection of these kinds of micro organic pollutants worldwide 
(Ternes, 1998).  
 
Although in water environment these contaminants are always found at trace 
levels (ng/L to µg/L), they are regarded as persistent organic pollutants (POPs) 
as the main source (wastewater) is continuous and most of these compound are 
biodegradation resistant (Daughton and Ternes, 1999). Amongst many kinds 
of EDCs/PPCPs, there is already evidence for the effects of hormonal 
disruption by steroid drugs (Tanaka et al., 2001) and development of 
antibiotic-resistant bacteria upon exposure to untreated hospital and domestic 




products of this sort of compounds have been found to retain or possess a 
higher estrogenic or biological activity. For example, the chlorination or 
microbial products of bisphenol A (BPA) was reported to possess greater 
estrogenic activity than its parent compound (Hu et al., 2002; Suzuki et al., 
2004). Consequently, the wide detection of these emergent contaminants has 
generated great concern about their potential threat to both environmental and 
human health (Heberer, 2002), as well as in the effective water treatment 
technologies. 
 
Studies concerning EDCs/PPCPs removal revealed that conventional process 
(coagulation, flocculation and sedimentation) are not totally effective because 
of very low concentration in source water (Ternes et al., 2002). On the other 
hand, a variety of developed technologies have been demonstrated more 
efficient for the abatement of EDCs/PPCPs from the aqueous phase, such as, 
activated carbon based processes (Westerhoff et al., 2005; Snyder et al., 2007; 
Wang et al., 2009; Grover et al., 2011), ozonation and advanced oxidation 
processes (AOPs) (Nakashima et al., 2003; Feng et al., 2005; Huber et al., 
2005; McDowell et al., 2005; Beltran et al., 2010; Pocostales et al., 2011), 
biodegradation (Bo et al., 2008; Kagle et al., 2009; Onesios et al., 2009; 
Vasiliadou et al., 2013) and membrane filtration processes (Kimura et al., 
2004; Hu et al., 2007; Gur-Reznik et al., 2011; Simon et al., 2011). However, 
since the physical and chemical properties vary among thousands of 
EDCs/PPCPs compounds, it is difficult to remove all these contaminants 




hybrid process is more feasible, depending on the specific pollutants existing 
in the source water. 
 
Although researchers usually consider priority to use high-pressure driven 
membrane, such as nanofiltration (NF) and reverse osmosis (RO), to remove 
EDCs/PPCPs from water (Drewes et al., 2005; Comerton et al., 2008), due to 
the smaller footprint and much lower cost, low-pressure membranes, e.g. 
microfiltration (MF) and ultratration (UF), become more popular in drinking 
water treatment in recent years (Xia et al., 2007; Lowenberg et al., 2014). MF 
and UF are effective in removing microparticles, macromolecules, 
microorganisms and even some viruses, but the problem is that they can only 
partially remove the dissolved organic matters, especially inefficient for the 
organic micropullutants with quite low molecular weight (Choi and Dempsey, 
2004). Therefore, various kinds of pre-treatment processes have been 
proposed and investigated, including coagulation, powdered activated carbon 
(PAC), granular activated carbon (GAC) or iron oxides adsorption, and 
ozonation (Choi and Dempsey, 2004). Because of the low initial cost and 
convenient application, adsorption by powdered activated carbon (PAC) has 
been widely applied in potable water treatment process for the purpose of 
reducing trace organic compound. Recent years it has turned out to be one of 
the most promising techniques to be combined with the low pressure driven 
membrane separation to completely remove the used PAC and to enhance the 
membrane filterability as well. However, a low adsorption kinetics usually 
requires a long contact time to ensure full utilization of the adsorption capacity 




offset the compact advantage of membrane process, or a high carbon dosage is 
required which will increase the operational cost. Obviously, neither of the 
solutions is economic. As a result, it is essential to produce a kind of activated 
carbon with high adsorption kinetics. 
 
Najm et al. (1990) reported that the smaller PAC particle size could provide 
the faster adsorption kinetics. Recently several restudies about adsorption of 
organics in aqueous environment with both submicron-sized activated carbon 
(SPAC) and PAC were reported (Matsui et al., 2004; Matsui et al., 2005; 
Heijman et al., 2009; Matsui et al., 2010b) and all these studies showed the 
much higher adsorption kinetics of SPAC than that of PAC. It is worth noting 
that these studies were mostly focusing on the removal of natural organic 
matter (NOM), and some on taste and odor compounds (geosmin and 2-
Methylisoborneol (MIB)). Different from NOM, the concentrations of 
EDCs/PPCPs in water are rather low; although taste and odor compounds are 
also low molecular weight compounds, they are usually raised as a seasonal 
water problem, while EDCs/PPCPs are a great variety of emerging micro 
organic pollutants that exist extensively in source water. Therefore, whether 
the SPAC could also lead to fast adsorption kinetics for these micro organic 
pollutants such as EDCs/PPCPs even in the presence of NOM, and how the 
different sorts of NOM will affect the EDCs/PPCPs uptake is still a question 
needed to be further verified. 
 
As for the process of adsorption combined with low-pressure membrane, it is 




Although SPAC adsorption was combined with ceramic MF membrane by 
other researchers, it was only used as a pretreatment before coagulation for 
NOM removal. Hence, it is necessary to study the feasibility of applying 
SPAC-UF hybrid process on EDCs/PPCPs removal. 
 
The removal of EDCs/PPCPs depends on the interaction between target 
contaminants and the PACs in single organic solution. However, the existence 
of NOM is inevitable in natural source water, and the interactions become 
even more complex when applied to the PACs-UF process. Researchers have 
performed abundant efforts to explore the NOM effect on the EDCs removal 
by membrane, but sometimes they get even contradictory conclusion. That 
should be due to the complex composition of NOM and the different 
characteristics of NOM in different studies.  So far, little information is 
available on the NOM effect on the removal of EDCs/PPCPs with SPAC. 
 
Therefore, in this study, SPAC is produced and applied to a hybrid process 
which combines SPAC with low-pressure membrane filteration (UF) to 
remove EDCs/PPCPs in water. 
 
1.2 Objective and scope of this study 
Based on the gaps identified above, the overall objective of this study is to 
produce a kind of adsorbent with high adsorption kinetics named as SPAC, 




a hybrid process of combining activated carbon adsorption with ultrafiltration 
to eliminate EDCs/PPCPs in drinking water. 
 
The specific scope of this proposed study is: 
 To find out a specific way of producing SPAC; 
 To establish the adsorption kinetics and isotherm of three selected 
EDCs/PPCPs compounds with different structures and properties on 
SPAC/PAC in pure water and NOM containing water; 
 To examine the effect of NOM adsorption with different initial 
concentration, molecular weight, and hydrophobicity on the 
EDCs/PPCPs removal (estrone (E1) was selected as the target 
compound); 
 To explore the effect of water chemistry (pH, Na+ and Ca2+ 
concentration) on the removal of EDCs/PPCPs by PACs-UF process 
(diclofenac (DCF) was chosen as the target compound); 
 To study the fouling behavior of PACs-UF process in real water matrix. 
 
Figure 1.1 presents the scope of the whole study. The results of this study 
could bring in a novel feasible solution on drinking water treatment process 
for EDCs/PPCPs removal. It introduces a new-type adsorbent named SPAC 
and demonstrates the possibility of using SPAC to perform a much faster 
kinetics than PAC, which may deal with the sudden pollution problem in 
future. The overall work to be conducted in this research will provide a better 
understanding of the removal mechanism of EDCs/PPCPs by SPAC 




study could help obtain comprehensive knowledge of the mechanism of 
EDCs/PPCPs removal by hybrid PACs-UF process and provide a theoretical 
and practical guidance for drinking water process design. 
 
In addition, the scope of this study is EDCs/PPCPs removal by PACs-UF 
process. Even though there are still many low molecular weight organic 
contaminants, like taste and odor compounds, perfluorinated compounds 
(PFCs) and so on, these are all beyond my research focus. 
 
Figure 1.1 Scope of the overall study. 
 
1.3 Organization of the thesis 
This thesis includes five chapters. Chapter 1 describes the background of the 
study and gives a general review of the research to provide a rationale 
regarding the needs of this kind of study. A comprehensive literature review is 




existence and harmfulness of EDCs/PPCPs, traditional and advanced water 
treatment technologies, especially activated carbon adsorption and membrane 
process in potable water treatment process, NOM characteristics and their 
effect on EDCs/PPCPs removal. Chapter 3 provides the methods and materials 
which were employed in this study. Chapter 4 presents the results and 
discussions. The achievements of this study are mainly on the following five 
aspects: SPAC preparation and batch EDCs/PPCPs adsorption kinetics and 
isotherms study, competitive adsorption mechanisms study of E1 and NOM, 
removal of DCF in single-organic solution and in NOM containing solution by 
PACs-UF hybrid process, and UF fouling behavior of the PACs-UF hybrid 
process for DCF removal in natural source water. Chapter 5 shows the 
conclusions and recommendations for the future work. 
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2 LITERATURE REVIEW 
2.1 Introduction 
This chapter provided a review to the occurrence, potential impact and 
removal techniques of endocrine disrupting compounds (EDCs), and 
pharmaceuticals and personal care products (PPCPs). Removal by adsorption 
and membrane filtration was presented with a discussion separately. An 
overview of low pressure membrane with pre-treatments was also summarized. 
The specific objective of this review was to provide a comprehensive 
understanding to the existing research and identify the knowledge gaps and 
research needs on EDCs/PPCPs removal in drinking water. 
 
2.2 Occurrence of EDCs/PPCPs in aquatic 
environment 
Endocrine disrupting compounds (EDCs) and pharmaceuticals and personal 
care products (PPCPs) become an emerging environmental issue since they 
have been frequently detected in wastewater effluents, surface water and even 
drinking water supplies around the world (Ternes, 1998; Kolpin et al., 2002; 
Snyder et al., 2003; Yoon et al., 2010; Huerta-Fontela et al., 2011). 
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EDCs is defined as ―an exogenous substance or mixture that alters the 
function(s) of the endocrine systems and consequently causes adverse health 
effects in an intact organism, or its progeny or (sub) populations‖ (WHO/IPCS, 
2002). They can be introduced into environment through various pathways. 
For developed countries, it mainly comes from sewage effluent and agriculture 
runoff; whereas in less developed countries, uncontrolled domestic and 
industrial discharge contributes the most part (Falconer et al., 2006). EDCs 
cover a wide range of chemicals and they do not have any similar structures or 
chemical properties. They include natural-produced hormones (e.g., estrogens, 
androgens, phytoestrogens, and mycotoxins) or synthetically-produced 
compounds. From literatures, a wide range of compounds have been found or 
suspected to possess the ability of disrupting the endocrine systems as listed in 
Table 2.1. 
Table 2.1 List of suspected/known EDCs
*
. 
Classification Endocrine disrupting compounds 
Pesticides 
Atrazine, dichlorodiphenyltrichloroethane (DDT) and its 
metabolites, dieldrin, endrin,  vinclozolin, tributyltin (TBT) 
Organohalogens 
Dioxins, furans, polychlorinated biphenyls (PCBs), 
polybrominated biphenyls (PBBs)  
Alkylphenols Nonylphophenols, octylphenols 
Heavy metals Cadmium, mercury, lead, arsenic 
Natural 
hormones 
17 β-estradiol, estriol, estrone, testosterone 
Phytoestrogens Coumestans, lignans, zearalenone, β-sitosterol 
*
 Data compiled from the literature of Ying and Kookana (2002). 
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PPCPs refer to a huge number of chemical contaminants that arise from 
human usage and excretion, and also veterinary applications of various 
products, for instance, prescription/non-prescription medicines, fungicides and 
disinfectants used for industrial, domestic, agricultural and livestock practices 
(Daughton and Ternes, 1999). The routes for PPCPs to be introduced into 
environment are mostly related to wastewater effluent, hospital waste and 
animal waste. PPCPs are a diverse group of chemicals and some principle 
emerging PPCPs classes were summarized in Table 2.2 regarding to their use 
(compounds associated with endocrine disrupters were excluded from this 
table).
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Table 2.2 List of principal emerging PPCPs
*
. 
Classification Pharmaceuticals and personal care products 
Veterinary & human antibiotics Trimethoprim, erytromycine, lincomycin, sulfamethaxole, chloramphenicol, amoxycillin 
Analgesics & antiinflammatory drugs Ibuprofen, diclofenac, fenoprofen, acetaminophen, naproxen, acetylsalicylic acid, ketoprofen 
Psychiatric drugs Diazepam, carbamazepine, primidone, salbutamol 
Lipid regulators Clofibric acid, bezafibrate, fenofibric acid, etofibrate, gemfibrozil 
β-Blockers Metoprolol, propranolol, timolol, sotalol, atenolol 
X-ray contrasts Iopromide, iopamidol, diatrizoate 
Steroids & hormones Estradiol, estrone, estriol, diethylstilbestrol (DES) 
Fragrances Nitro, polycyclic and macrocyclic musks, phthalates 
Sun-screen agents Benzophenone, methylbenzylidene camphor 
Insect repellents N,N-diethyltoluamide 
Antiseptics Triclosan, chlorophene 
*
 Data compiled from the literature of Ellis (2006). 
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Since pharmaceuticals are biologically active organic chemicals used for the 
diagnosis, treatment, alteration, or prevention of diseases or other conditions 
in humans and animals (Daughton and Ternes, 1999), they can have biological 
interactions with enzymes, receptors and other molecules in the body. After 
biotransformation, the chemical structure of the parent compound will change 
into metabolites, leading to a change of physicochemical and pharmaceutical 
properties as well (Waller, 2008). In general, the metabolites have higher 
water solubility compared with the parent compounds, so the metabolites 
could excrete via urine (Halling-Sørensen et al., 1998), but the degree of 
metabolism varies a lot for different compounds. Moreover, some reports 
showed that during the biological processes in wastewater treatment, some 
conjugated metabolites can be converted back to their parent compounds by 
microorganism (Webb et al., 2003). On the contrary, personal care products 
are chemicals of limited biochemical activities which are used as the active 
ingredients or as preservatives in cosmetics, toiletries, and fragrances 
(Daughton and Ternes, 1999). Since personal care products are usually 
intended to be used on the human body rather than being ingested, their 
occurrence in the environment is different from pharmaceuticals, and they 
may follow a more direct route of entry. 
 
To sum up, EDCs/PPCPs enter the environment through various sources, and 
they may be transported to different environmental compartments. Figure 2.1 
summarized the main sources and pathways of EDCs/PPCPs transport in the 
environment. The important source for some EDCs was industry (e.g. 
surfactants and plasticizers) and agriculture (e.g. pesticides and herbicides), 
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while the main source of PPCPs and hormone-type EDCs was human 
excretion of the metabolized compounds and the personal care products during 
bathing as well (Daughton and Ternes, 1999; Nikolaou et al., 2007; Waller, 
2008). 
 





 Data taken from literatures (Halling-Sørensen et al., 1998; Nikolaou et al., 
2007). 
 
EDCs/PPCPs together with their metabolites was continuously introduced into 
the aquatic environment primarily through sewage effluent, industry waste and 
agriculture runoff etc.. If the wastewater treatment plant could not effectively 
eliminate these contaminants, they can be discharged into surface water which 
may be used as the raw drinking water sources. 
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As clofibric acid, an active metabolite of some blood lipid regulators in human 
medical care, was found in Berlin groundwater in 1992, the occurrence of drug 
residues in aquatic environment turns to be a public concern. To date, in the 
studies performed in many countries, such as Canana, USA, Spain, Italy, 
Germany, Japan, UK and Switzerland, EDCs/PPCPs have been widely 
identified in wastewater effluent, surface water as well as groundwater with 
concentrations in the range of ng/L to µg/L. Table 2.3 summarized a study on 
the occurrence of 22 selected hormones and pharmaceuticals in Korean 
surface waters and effluents (Kim et al., 2007). It presented that a variety of 
EDCs/PPCPs have been detected in surface and effluent water samples. For 
example, the concentration of iopromide and caffeine were 134 ng/L and 105 
ng/L in surface waters, respectively. For EDCs, it was detected that estrone 
was with concentrations from 1.7 ng/L to 5.0 ng/L in three surface water 
samples. The authors found that it was more likely to detect these 
contaminants if the sampling sites were from the rivers which receive 
secondary effluents or located in the industrialized areas. It was in accordance 
with other literatures that water is readily exposed to contaminants for human 
activities (Ternes, 1998). 
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Effluents  Surface waters 
NODa Concentrationb (ng/L) NODa Concentrationb (ng/L) 
Estriol Hormone 3 16 (8.9 - 25)  0 NAc 
17α-ethynylestradiol Hormone 1 1.3  0 NA 
Estrone Hormone 5 14 (2.2 - 36)  3 3.6 (1.7 - 5.0) 
17β-estradiol Hormone 1 < 1.0  0 NA 
Testosterone Hormone 1 1.1  0 NA 
Androstenedione Hormone 3 2.3 (1.0 - 3.5)  1 2.6 
Erythromycin Pharmaceutical 5 130 (8.9 - 294)  5 3.4 (1.8 - 4.8) 
Sulfamethoxazole Pharmaceutical 4 136 (3.8 - 407)  5 20 (1.7 - 36) 
Iopromide Pharmaceutical 6 2630 (1170 - 4030)  7 134 (20 - 361) 
Hydrocodone Pharmaceutical 4 41 (13 - 70)  3 1.6 (1.3 - 2.2) 
Acetaminophen Pharmaceutical 3 9.5 (1.8 - 19)  6 33 (4.1 - 73) 
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Trimethoprim Pharmaceutical 5 58 (10 - 188)  4 4.0 (3.2 - 5.3) 
Pentoxifylline Pharmaceutical 2 2.9 (1.6 - 4.2)  1 1.6 
Meprobamate Pharmaceutical 1 6.0  0 NA 
Dilantin Pharmaceutical 6 44 (8.8 - 181)  6 4.3 (1.1 - 8.9) 
Naproxen Pharmaceutical 7 128 (20 - 483)  6 11 (1.8 - 18) 
Ibuprofen Pharmaceutical 5 65 (10 - 137)  6 28 (11 - 38) 
Diclofenac Pharmaceutical 7 40 (8.8 - 127)  3 3.0 (1.1 - 6.8) 
Carbamazepine Pharmaceutical 6 226 (73 - 729)  7 25 (4.5 - 61) 
Caffeine Pharmaceutical 6 228 (23 - 776)  8 105 (2.9 - 194) 
Fluoxetine Pharmaceutical 1 1.7  0 NA 
Gemfibrizil Pharmaceutical 3 11.2 (3.9 - 17)  3 6.6 (1.8 - 9.1) 
a
 Number of samples detected (NOD) was among seven samples for effluents and eight samples for surface waters; 
b
 The mean concentration and the minimum and maximum values were shown in the parentheses; 
c
 Not applicable; 
*
 Cited from Kim et al. (2007). 
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Moreover, EDCs/PPCPs were also been found in finished water samples. 
Heberer et al. (1998) reported clofibric acid had been detected in Berlin tap 
water at concentrations up to 165 ng/L, which uncovered the possibility that 
pharmaceuticals could return to human beings through potable water. Several 
years later, researchers reported the presence of EDCs, such as 17β-estradiol, 
estriol and nonylphenol in final drinking waters (McLachlan et al., 2001). To 
date, there were a number of reports about the detection of pharmaceuticals in 
the tap water all over the world, like USA, Canada, France, Germany, UK, 
Italy and Finland. The concentrations detected in worldwide tap waters are 
summarized in Table 2.4. 17 kinds of pharmaceuticals have been found in the 
concentrations between 1.3 ng/L to 1350 ng/L. Non-steroidal anti-
inflammatory drugs (NSAIDs) and some anticonvulsants are the mainly 
detected pharmaceuticals in Europe and in the USA since NSAIDs are with 
the first worldwide pharmaceutical consumption rates and carbamazepine is 
with high resistance to transformation. For example, Loraine and Pettigrove 
(2005) detected the ibuprofen with a high concentration up to 1350 ng/L in tap 
water in USA, and researchers in USA also found that the concentration of 
carbamazepine in tap water were between the concentrations of 140-258 ng/L 
(Stackelberg et al., 2004; Stackelberg et al., 2007).  
 
Thus, the widely detection of these micropollutants in water obviously poses 
great challenges to the existing water treatment processes. 
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Maximal concentrations detected 
(ng/L) 
Country References 
Antibiotics Triclosan 734 USA (Loraine and Pettigrove, 2005) 
Anticonvulsants Carbamazepine 140 - 258 USA 
(Stackelberg et al., 2004; Stackelberg et al., 
2007) 
  43.2 France (Togola and Budzinski, 2008) 
  60 Germany (Heberer et al., 2004) 
 Dilantin 1.3 USA (Vanderford and Snyder, 2006) 
 Primidone 40 Germany (Heberer et al., 2004) 
Antidepressants, anti-anxiety 
Amitryptilline 1.4 France (Togola and Budzinski, 2008) 
Diazepam 23.5 Italy (Zuccato et al., 2000) 
 Meprobamate 5.9 USA (Vanderford and Snyder, 2006) 
Iodinated X-ray contrast 
media 
Diatrizoate 1200 Germany (Pérez and Barceló, 2007) 
Iopromide < 50 Germany (Pérez and Barceló, 2007) 
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Lipid regulators Clofibric acid 50 - 270 Germany (Heberer et al., 2004) 
  5.3 Italy (Zuccato et al., 2000) 
NSAIDs and analgesics 
Acetaminophen 210.1  (Togola and Budzinski, 2008) 
Diclofenac 6 - 35  (Heberer et al., 2004) 
 2.5  (Togola and Budzinski, 2008) 
Ibuprofen 0.6 France (Togola and Budzinski, 2008) 
  8.5 Finland (Vieno et al., 2005) 
  1350 USA (Loraine and Pettigrove, 2005) 
 Ketoprofen 8.0 Finland (Vieno et al., 2005) 
  3.0 France (Togola and Budzinski, 2008) 
Opioidanalgesics Codein 30 USA (Stackelberg et al., 2007) 
Psycho-stimulants Caffeine 60 - 119 USA 
(Stackelberg et al., 2004; Stackelberg et al., 
2007) 
  22.9 France (Togola and Budzinski, 2008) 
*
 Cited from Mompelat et al. (2009). 
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2.3 Potential impact of EDCs/PPCPs on ecosystem and 
human health 
The endocrine system, along with the central nervous and immune system, 
plays a very important role on the function of multicellular organisms. It is 
found in all animals from mammals, non-mammalian vertebrate (e.g. fish, 
amphibians, reptiles and birds) to invertebrates (e.g. snails, lobsters, insects 
and other species). The endocrine system contains endocrine glands (including 
the pituitary, thyroid, parathyroid, adrenals, pancreas, pineal gland and gonads) 
and the hormone they produce, which influence the general body growth, 
metabolism, maintenance, homeostasis and reproduction (Birkett and Lester, 
2003). 
 
Although EDCs span a broad spectrum of compounds, the steroid hormone is 
of special concern since its endocrine disrupting potency is great higher than 
other EDCs and it is also frequently found in aquatic environment within ng/L 
range. Hormones are a kind of biochemical acting as chemical messengers that 
could interact with specific receptors within the target cells to trigger 
responses and prompt proper biological functions. The unifying nature of 
hormone is that it can bind with a receptor on target cells with high affinity 
and specificity, which means the hormone and its receptor have a ―lock-and-
key‖ relationship. Once certain hormone is bonded with its receptor, it will 
trigger the production of particular protein to prompt the biological activity 
associated with that hormone. 
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There are several ways that EDCs can interfere with the endocrine system 
(Sonnenschein and Soto, 1998). They can mimic and antagonize the effect of 
endogenous hormones. Moreover, they can disrupt the synthesis and 
metabolism of hormones, and also hormone receptors.  
 
The long-term effects of continuous, low-level exposure to PPCPs and their 
metabolites are not well understood (Daughton and Ternes, 1999). The long-
term exposure to this kind of low concentration chemicals and their 
metabolites has become an emerging concern as pharmaceuticals are always 
designed to be biological active and may affect non-target organisms. As 
shown in Table 2.5, there already have evidences for the development of 
antibiotic-resistant bacteria, genotoxic and endocrine disruption effect upon 
exposure to untreated municipal and hospital sewage effluents. 
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Table 2.5 Reported subtle effects of some EDCs/PPCPs detected in aquatic and terrestrial organisms. 
Compound Classification Reported effect Reference 
Fenfluramine Anorexic Enhances release of serotonin (5-HT) in crayfish which in turn triggers the 
release of ovary-simulating hormone resulting in larger oocytes with enhances 
amounts of vitellin 
In fiddler crabs, simulates the production of gonad-simulating hormone 
accepting testicular maturation 
(Daughton and 
Ternes, 1999) 




Synthetic steroid Endocrine-disrupting effects on fish, reptiles and invertebrates (Young, 2002) 
Fenbendazole Parasiticide Impact on drug decomposition (Sommer and 
Bibby, 2002) 
Diazepam Antianxiety drug Inhibition in the ability if dissected polyps from the cnidarians Hydra Vulgaris to (Pascoe et al., 

















Inhibition of basal ethoxyresorufin-O-deethylase (EROD) activity in cultures of 
rainbow trout hepatocytes 
(Laville et al., 
2004) 










Stimulation of growth of cyanobacteria and inhibition of growth of aquatic 
plants 
(Pomati et al., 
2004) 
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Till now, unequivocal evidences for the toxicity of EDCs/PPCPs have only 
been demonstrated in the case of pharmacological dosing, accidental exposure, 
and occupational exposure (WHO/IPCS, 2002). The effects of trace level 
EDCs/PPCPs on human have not been firmly established yet for any definitive 
conclusions, except a synthetic hormone, for example, diethylstilbestrol (DES) 
has been found to cause reproductive and development problems (Damstra et 
al., 2002).  
 
Some risk assessment studies on the health effects of EDCs/PPCPs showed 
that acute toxic effects were not likely to happen on human. However, some 
other reports suggested that EDCs may have effects on human such as 
decrease in semen quality and increase in cancer rate (Wolff et al., 1993; 
Christensen, 1998; Carlsson et al., 2006a, b; Collier, 2007). Moreover, it 
should be noticed that some substances which have no adverse effect on an 
adult may impact developing embryo, and the exposure time may be much 
more important than the dosage. Therefore, the impact over a lifetime of 
exposure, or originating from the synergy of low-level exposure to multiple 
compounds might not be seen until later in life or even the next generation 
(Tyler et al., 1998; Heneweer et al., 2005; Jones et al., 2005). Thus, it is 
essential to investigate the capability of various treatment methods for 
EDCs/PPCPs removal from drinking water. 
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2.4 Technologies for EDCs/PPCPs abatement 
2.4.1 Overview of the EDCs/PPCPs removal performance 
As described in last section, there is already a great deal of reports on the 
occurrences of EDCs/PPCPs in drinking water sources. However, since the 
molecular sizes of EDCs/PPCPs are quite small and their concentrations in 
water are very low as well, the conventional water treatment process 
(coagulation, flocculation and sedimentation) had been demonstrated not 
effective in removing EDCs/PPCPs. 
 
Adams et al. (2002) investigated the removal effectiveness of seven common 
antibiotics: carbadox, sulfachlorpyridazine, sulfadimethoxine, sulfamerazine, 
sulfamethazine, sulfathiazole, and trimethoprim under typical water treatment 
plant conditions. The results showed that the conventional 
coagulation/flocculation/sedimentation process with alum and iron salts was 
ineffective for the antibiotic removal. Meanwhile, the author pointed out that 
adsorption with powdered activated carbon, reverse osmosis, and oxidation 
with chlorine and ozone were all presented to be effective in removing these 
antibiotics under the same conditions. 
 
Boyd et al. (2003) examined the 12 kinds of EDCs/PPCPs at two water 
treatment plants in USA and Canada. The results showed that the conventional 
water treatment process of coagulation/flocculation/sedimentation plus 2 mg/L 
PAC addition did not have the ability of removing these micro organic 
pollutants. For example, samples collected at the inlet of the drinking water 
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treatment plants contained naproxen with concentrations from 63 to 65 ng/L, 
while the effluent still presented naproxen concentrations of 63 to 68 ng/L. 
 
In this case, several technologies have been developed to remove 
EDCs/PPCPs, such as adsorption, advanced oxidation processes, 
biodegradation and membrane filtration. Table 2.6 compared the removal 
efficiency of a variety of treatment methods for a wide range of EDCs/PPCPs. 
From the table we can find that activated carbon adsorption, advanced 
oxidation, and high-pressure membrane are some efficient ways to eliminate 
these micro pollutants. Although advanced oxidation processes have an 
excellent performance, there are still some challenges with that technology in 
practice, such as, the by-products problems and high investment. Tight 
membranes (like NF and RO) have a good rejection of these micro organic 
pollutants but they require high pressure for applications, hence their 
operational cost is great as well. Biodegradation is usually used in wastewater 
treatment process. Nowadays, low-pressure driven membrane techniques (e.g. 
MF and UF), together with the pretreatment of coagulation and/or adsorption, 
have been considered as a promising strategy of removing these micro organic 
contaminants without chemical changes. Furthermore, these methods are 
convenient to be combined with the existing facilities to deal with the urgent 
problematic water sources. 
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Table 2.6 Estimation of EDCs/PPCPs removal efficiency by individual processes
*
. 




Pesticides E E L-E E P-E P G E E (P) 
Industrial chemicals E E F-G E P P-L E E G-E (B) 
Steroids E E E E E P G E L-E (B) 
Metals G G P P P F-G G E P (B), E (AS) 
Inorganics P-L F P P P P G E P-L 
Organometallics G-E G-E L-E P-F P-F P-L G-E E L-E 
PPCPs 
Antibiotics F-G E L-E F-G P-G P-L E E E (B), G-E (P) 
Antidepressants G-E G-E L-E F-G P-F P-L G-E E G-E 
Anti-inflammatory E G-E E E P-F P G-E E E (B) 
Lipid regulators E E E F-G P-F P G-E E P (B) 
A-ray contrast media G-E G-E L-E F-G P-F P-L G-E E E (B and P) 
Psychiatric control G-E G-E L-E F-G P-F P-L G-E E G-E 
a
 B, biodegradation; P, photodegradation (solar); AS, activated sludge; E, excellent (>90%); G, good (70-90%); F, fair (40-70%); L, low (20-
40%); and P, poor (<20%); 
*
 Data from Snyder et al. (2003). 
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2.4.2 Activated carbon adsorption 
Activated carbon adsorption processes are one of the most frequently-used 
advanced treatment technologies in drinking water treatment because of its 
low initial cost and convenient application. Activated carbon owns a highly 
microporous structure, which could remove contaminants from water by either 
physical or chemical adsorption, and the former usually providing the majority 
of the removal. Factors, such as the compound properties (including molecular 
dimensions), the porous and chemical structure of the carbon, and the solution 
characteristics, could affect the adsorption of organic compounds onto 
activated carbon. Since activated carbon can adsorb many organic pollutants, 
the USEPA identifies packed-bed granular activated carbon (GAC) as a ―Best 
Available Technology‖ for treating numerous regulated organic pollutants. 
Powder activated carbon (PAC) effectively removes many problematic 
organic pollutants (e.g., taste and odor compounds, and some pesticides and 
herbicides). 
 
As to most EDCs/PPCPs, because of the existence of amine groups or benzene 
rings in the structure, it largely improves the adsorption ability by activated 
carbons (Mestre et al., 2007). Therefore, both granular activated carbon (GAC) 
and powdered activated carbon (PAC) have been proven to be an efficient 
process to remove a variety of micropollutants and ecotoxicity in municipal 
water treatment industry in practice.  
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Ternes et al. (2002) investigated the elimination of four selected 
pharmaceuticals (bezafibrate, carbamazepine, clofibric acid, and diclofenac) 
from deionized water and groundwater by GAC adsorption in batch adsorption 
experiments and pilot scale test. In the batch experiment, they found that the 
pharmaceutical with initial concentration of 100 µg/L can be efficiently 
removed with a carbon dosage of less than 0.2 g/L. The suspensions were 
mixed for 24 h before analyzing the results. They reported that the occurring 
of natural organic substances could compete for adsorption sites with 
pharmaceuticals. They underscored this competition effect with the Freundlich 
adsorption constant (K), and reported the K value in deionized water and 
groundwater were 141 and 77 L/g for bezafibrate, 430 and 90 L/g for 
carbamazepine, 71 and 63 L/g for clofibric acid, and 141 and 36 L/g for 
diclofenac, respectively. The K values in groundwater were smaller than those 
in deionized water for all compounds, which indicated that sorption 
efficiencies were always affected by occurrence of natural organic compounds. 
 
Yoon et al. (2003) examined the removal of three estrogenic compounds 
(bisphenol A, 17β-estradiol, and 17α-ethynyl estradiol) on several powdered 
activated carbon (PAC) in batch adsorption tests with a contact time of 24 h. 
They found that all these three compounds could be removed by PAC. The 
adsorption capacity for 17β-estradiol was higher than that for 17α-ethynyl 
estradiol or bisphenol A, which thought to be related to the Kow values of the 
compounds. Similarly, they also indicated that the presence of natural organic 
compounds (NOM) influenced the adsorption of the target compounds. 
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Although activated carbon can remove nearly all organic contaminants, its 
removal capacity is limited by the contact time. From the two studies above, it 
can be seen that the adsorption for GAC or PAC usually takes 24 hours to 
ensure the adsorption capacity is fully complete. Thus, the challenge is that, 
when PAC is applied in water treatment plants, the contact time is usually 2 
hours or less, which is not sufficient enough to obtain the maximum 
adsorption capacity of the adsorbent, especially when PAC is used as the 
pretreatment for membrane filtration, the contact time could be even shorter. 
As the adsorption kinetics of activated carbon is low,  it always requires a long 
contact time to ensure full utilization of the adsorption capacity, otherwise a 
high carbon dosage or a large contact reactor are needed which will increase 
the cost or offset the advantage of small footprint of membrane filtration. 
Another solution is to find out a kind of adsorbent with faster adsorption 
kinetics. Najm et al. (1990) reported that the smaller PAC particle size could 
have a faster adsorption kinetics. Several restudies about adsorption of 
organics in aqueous environment with both submicron-sized activated carbon 
(SPAC) and PAC were published recently. Matsui et al. (2004) ground the 
commercially available PAC to get SPAC, and the particle size of activated 
carbon was reduced from 33 µm to 0.8 µm and 3.8µm. They found SPAC 
removed NOM much faster than PAC. Adsorption of NOM with SPAC of 0.8 
µm could reach 80% (by UV260) of equilibrium within only 1 min of contact 
time. On the contrary, PAC could only reach 35% (by UV260) at 60 min. The 
SPAC was also effective at increasing its adsorption capacity for NOM but not 
for the smaller molecule phenol. As to the small molecular organic pollutants, 
Matsui et al. (2010b) once used the SPAC to remove taste and odor 
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compounds, geosmin and 2-methylisoborneol (2-MIB). They found that the 
adsorption kinetics for geosmin and 2-MIB improved a lot after pulverization 
in both pure water and natural water. Furthermore, they observed that SPAC 
was less sensitive to the competition from NOM. 
 
2.4.3 Membrane filtration 
Due to its special advantages, such as simple in operation, not involving 
chemical additives, easy to scale up and so on, membrane filtration process 
has been broadly applied in water treatment area nowadays. The removal of 
micro organic pollutants with membranes is a function of many factors, 
including compound properties such as size, structure, charge, and 
hydrophobicity, membrane properties such as pore size, surface charge, and 
hydrophobicity, and feed water conditions such as pH, ionic strength, and 
organic matter content. The combination of these factors affects the types of 
removal mechanisms. The three major removal mechanisms occurring during 
membrane separation are size exclusion, adsorption, and electrostatic 
repulsion. 
 
For EDCs/PPCPs removal, high-pressure membranes like nanofiltration (NF) 
and reverse osmosis (RO) are the most prevalent technology to be considered. 
Nghiem et al. (2004) investigated the separation process of two estrogenic 
hormones (estrone and estradiol) using eight commercial NF and RO 
membranes. The results indicated that estrogenic hormone retention by more 
porous membranes decreased, while tighter NF and RO membranes could 
2 LITERATURE REVIEW 
33 
 
retain estrogenic hormones effectively. The presence of organic matter in 
solution could enhance retention due to the interaction of such substances with 
estrogenic hormones. Kimura et al. (2004) examined the ability of RO 
membranes to retain neutral EDCs/PPCPs. A total of 11 uncharged 
compounds were chosen to cover a certain range of molecular weights and 
octanol-water portioning coefficients (Kow). The results found the rejection of 
the selected compounds was ranging from 57-91%. They also indicated that 
the salt rejection or molecular weight cutoff (MWCO) which is often used to 
express rejection properties did not provide quantitative information for 
EDCs/PPCPs rejection. It is better to determine the rejection by 
physicochemical properties of the compounds and the membrane materials. 
 
Although high-pressure membranes usually perform well in rejecting 
EDCs/PPCPs, the replacement cost and the energy consumption of RO/NF 





) are also removed during the treatment process. Nowadays, researchers 
are more apt to use low-pressure membranes, like microfiltration (MF) and 
ultrafiltration (UF). Because of the properties of this kind of membranes, the 
rejection of low molecular weight organic matters is very low and it is 
necessary to combine it with some pretreatment technologies, for example, 
coagulation, oxidation, biodegradation and adsorption. Because it is more 
flexible, convenient and economical to apply adsorption, activated carbon 
adsorption turns out to be one of the most promising pretreatment techniques 
and there are several studies focusing on organic micropollutants removal.  
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2.4.4 Adsorption-membrane hybrid processes 
Even though low-pressure membrane process has the advantage of small foot 
prints, completely remove the suspended matter and bacteria, and require little 
maintenance and operational skill, the poor rejection efficiency for micro 
organic contaminants was still a challenge as well as the fouling problem. 
Chemical coagulation and adsorption are the most popular pretreatments 
because they are inexpensive and convenient to use. 
 
Chang et al. (2004) evaluated a PAC-MF system for estrone (E1) removal 
with an initial concentration of 11.2-13.8 ng/L. They found that without PAC 
the rejection of E1 by the MF (hydrophilic, nominal pore size was 0.22 um) 
only system was less than 5%, and the decline of E1 was mainly resulted from 
the adsorption of E1 onto MF membrane. They employed five different PAC 
dosage (0.83, 4, 8.3, 20, and 30 mg/L) and reported that the E1 removal 
efficiency remarkably enhanced as the PAC dosage increased. However, when 
the PAC dosage was higher than 20 mg/L, the removal efficiency of E1 
became unchanged since E1 had already reached the maximum adsorption 
capacity with a dosage of 20 mg/L. 
 
Saravia et al. (2008) studied the removal of four PPCPs (carbamazepine, 
clofibric acid, diclofenac, and iohexol) by a PAC-UF system. The initial 
concentration of PPCPs was 10 µg/L and the PAC dosage was 10 mg/L. They 
compared the PPCPs removal efficiency in deionized water and NOM 
containing water (TOC = 2.4 mg/L). They reported that a removal efficiency 
of 95-100% could be obtained for all PPCPs in the deionized water after 30 
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min, while a removal efficiency of 95% could be achieved for PPCPs in NOM 
containing water after 22 h. 
 
For the submicron-sized PAC, researchers carried out pilot studies that used 
SPAC as a pretreatment method for coagulation and ceramic MF membrane 
system (Matsui et al., 2006; Matsui et al., 2009b). They found that activated 
carbon with smaller particle size could enhance the removal of NOM. In 
addition, the floc particles formed during coagulation preceded by SPAC 
pretreatment were larger and more porous, and the fouling layer built on the 
membrane surface was more permeable than that of PAC. 
 
Campinas and Rosa (2010) investigated the PAC contribution to the fouling 
control by NOM in a PAC-UF hybrid process. A cellulose acetate membrane 
(100 kDa) was employed in this study and various solutions of NOM 
surrogates were used to examine the fouling behavior in this system. They 
found that the addition of PAC did not affect the permeate flux nor the 
reversible membrane fouling regardless of NOM characteristics and water 
inorganics. However, PAC could reduce the irreversible membrane fouling 
tendency and minimize the chemical wash frequency. 
 
2.5 Research statement 
In view of the above literature review, it is worthwhile to point out several 
gaps in this research area. 
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The previous SPAC studies mainly lies on adsorption of NOM and taste and 
odor compounds, and no report on EDCs/PPCPs is available till now. NOM 
varies with the type of water, the TOC concentrations in rivers and lakes are 
usually ranging from 2 to 10 mg/L (Kukkonen and Oikari, 1991), while the 
TOC concentrations in secondary effluents range from 6.5 to 32.5 mg/L. 
However, EDCs/PPCPs are frequently detected in treated effluents and surface 
water within the range of ng/L to µg/L, the concentration of NOM is 
thousands times larger than that of EDCs/PPCPs in aquatic environment. In 
addition, the molecular weight of EDCs/PPCPs is also much smaller than that 
of NOM. Hence, it is necessary to examine if the SPAC could also perform 
fast adsorption for EDCs/PPCPs as that of NOM, and to explore the 
EDCs/PPCPs removal when NOM co-exists as a competitive substance.  
 
Moreover, since NOM widely exists in natural water with relatively much 
higher concentration than EDCs/PPCPs, and its structure and property is also 
complicated, it is crucial to further explore the effect mechanism of different 
types of NOM on EDCs/PPCPs removal. Referring to adsorption with 
activated carbon, mostly the effects of NOM are learnt by only surface water 
(Westerhoff et al., 2005). As to the SPAC, Ando et al. (2010) only used 
polystyrene sulfonates (PSS) within a narrower range of 1.1 KDa, 1.8 KDa 
and 4.6 KDa to explore the adsorption mechanism of NOM with different 
molecular weight by SPAC. It is known that NOM is a complex mixture of 
compounds ranging from small hydrophilic acids, proteins and amino acids to 
large humic and fulvic acids (Choudhry, 1984). Therefore, it is necessary to 
comprehensively establish the adsorption mechanism of EDCs/PPCPs, as well 
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as the effect of NOM with different concentrations, molecular weight and 
hydrophobicity on EDCs/PPCPs adsorption. 
 
For the activated carbon adsorption combined with low-pressure membrane 
process, it is usually focused on the eliminating of NOM, EDCs or taste and 
odor compounds. Though SPAC was recommended by other researchers, in 
their research, SPAC just served as a pretreatment method before coagulation-
ceramic MF process for NOM removal (Matsui et al., 2005; Matsui et al., 
2009b). In this study, the target compounds are EDCs/PPCPs and a hybrid 
SPAC-UF process was proposed for these contaminants removal. As a 
consequence, it is necessary to explore the possibility to use this SPAC-UF 
hybrid process for EDCs/PPCPs removal. 
 
The removal of EDCs/PPCPs depends on the interaction between target 
contaminants and the PACs in single organic solution, but when NOM and the 
membrane were brought in, the condition becomes even more complex. It 
should have the interactions between NOM and membrane, the target 
EDCs/PPCPs and NOM, and the target EDCs/PPCPs and membrane. In 
addition, there are also some discussions on whether the PAC itself would foul 
the membrane. Some literature however showed opposite conclusions 
(Yiantsios and Karabelas, 2001; Li and Chen, 2004; Lee et al., 2007). As a 
result, it is essential to study the NOM effect on the removal of EDCs/PPCPs 
with PACs within different water matrix, and also the filterability of the 
PACs- UF system. 
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3 MATERIALS AND METHODS 
3.1 EDCs/PPCPs selection and characteristics 
The target compounds, E1, carbamazepine (CBZ), and DCF (sodium salt) 
were purchased from Sigma-Aldrich (Singapore). The physicochemical 
properties and the molecular structures were summarized in Table 3.1. 
 
These compounds were chosen because they are the most frequently detected 
micropollutants in source and finished drinking waters and they have 
sufficient sensitivities for detection. As shown in Table 3 1, E1 and CBZ are 
present primarily electrostatically neutral, whereas DCF is present in 
negatively charged form at typical potable water pH range, which is typically 
difficult to remove.  
 
100 mg/L EDCs/PPCPs stock solutions were prepared by dissolving 10 mg E1, 
CBZ and DCF into 100 mL methanol (Sigma-Adrich Singapore, 99.8%), 
respectively. The stoke solutions were stored in a refrigerator at -20 ºC to a 
maximum of 3 months. EDCs/PPCPs solutions used in the adsorption 
experiments were prepared by diluting the stock solution with ultrapure water 
(Milli-Q, Millipore Corporation, USA). 
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Table 3.1 Structural and physicochemical properties of selected EDCs/PPCPs. 
Name CAS number Log Kow Solubility 
(mg/L) 
pKa Molecular weight 
(g/mol) 
Structure 




















 (Ying et al., 2002); 
b
 (Trenholm et al., 2006); 
c
 (Zhang et al., 2008); 
d
 (Rohricht et al., 2009); 
e
 (Radjenovic et al., 2008) and 
f
 was obtained from 
the Chemical Book database (http://www.chemicalbook.com/ChemicalProductProperty_EN_CB5474464.htm). 
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3.2 Other reagents and chemicals 
Nitric acid (65%), hydrochloric acid (fuming 37%) and sodium hydroxide 
were purchased from MERCK (Germany). 0.1 M nitric acid and 0.1 M sodium 
hydroxide were  prepared for adjusting pH in mass titration for point of zero 
charge (pzc). 0.01 M sodium hydroxide solution was used to dissolve humic 
acid, and 1 M hydrochloric acid used to adjust pH after dissolving. In the 
DOM isolation experiment, 0.1M sodium hydroxide and 1M hydrochloric acid 
were also involved. 
 
Na2HPO4 and NaH2PO4 were obtained from MERCK (Germany). Phosphate 
buffer solution was used in the experiments to maintain the pH of bulk 
solution at 7.0, which was prepared by mixing 61 mL Na2HPO4 (0.2 M) and 
39 mL NaH2PO4 (0.3 M). 
 
Natural organic matter (NOM) is a complex mixture of compounds ranging 
from small hydrophilic acids, proteins and amino acids to large humic and 
fulvic acids (Choudhry, 1984). Newcombe et al. (1997a) in South Australia 
using ultrafiltration concentrated and fractionated NOM from reservoir water 
into these nominal molecular weight fractions: < 500 (32%), 500-3,000 (50%), 
3,000-10,000 (7%), 10,000-30,000 (4%), and > 30,000 (8%).  Polystyrene 
sulfonates (PSS) have been usually used as a model compound to study the 
adsorption of NOM since the coiled configuration and diffusion characteristics 
are similar to those of NOM (Beckett et al., 1987; Karanfil et al., 1996). In this 
study, a range of PSS (210, 1400, 13,000 and 77,000) (Aldrich, Singapore) 
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were chosen to represent each fraction of NOM and simulate different 
molecular weight of NOM molecules, where molecular weight 3,000-10,000 
and 10,000-30,000 were merged into one group and PSS 13K was chosen as 
the model compound for these two groups. PSS were stock solutions which 
were prepared by dissolving weighted amounts of model compounds in pure 
water. The stock solutions were adjusted to approximately 50 ppm and then 
stored in refrigerator at 4 °C for a maximum time of one month. 
 
NOM in surface water typically refers to humic acid (HA) and fulvic acid (FA) 
that are decayed by-products of plants. In order to exclude effects other than 
organic compounds, humic acid (HA) was used to simulate the effect of NOM 
in water on EDCs/PPCPs adsorption process at first and the effect of NOM on 
the DCF removal in PACs-UF part as well. Humic acid (Sigma-Aldrich, 
Singapore) was used to simulate organic matters. Commercially available 
humic acid (HA) was added to the freshly prepared NaOH (0.01 M) solution 
and stirred for 24 h. The pH was adjusted to 7.2 by slow addition of HCl (1M) 
with steady swirling. The contents were then centrifuged at 14000 rpm for 5 
min and were filtered using 0.45 μm sterilized filter papers to remove 
undissolved substances. The humic acid stock was stored at 4 °C for further 
use. 
 
3.3 Preparation of adsorbents 
Activated charcoal used in this study was purchased from Sigma-Aldrich 
Chemical Corporation (Fluka 05120, USA). Before use, the activated carbon 
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was washed with distilled water in order to remove ash content, traces of 
chlorides and other soluble impurities. The powdered activated carbon (PAC) 
was soaked in ultrapure water and stirred at 500 rpm for 24 h with an overhead 
stirrer (Heidolph, RZR2021, Germany). After that, the supernatant was 
removed and distilled water was refilled. This step was repeated until the 
liquid-solid interface of the water-carbon mixture was clear and the activated 
carbon could rapidly settle down. Finally, the washed PAC slurry was filtrated 
by a 0.45 μm sterilized filter papers (GN-6 Metricel® Grid 47mm, 0.45 μm, 
Pall Corporation, USA), and the remaining wet PAC particles on the 
membrane were dried at 105 °C for more than 3 days. The dried PAC was then 
stored in a dessicator containing silica gel. 
 
Submicron-sized activated carbon (SPAC) was obtained by grinding the 
washed PAC with a planetary ball mill (Retsch, PM 100, Germany) (Plate 3.1 
and Plate 3.2). In general, particle sizes reduction from just submicron to 
microns can be obtained by either wet or dry milling process, which usually 
depends on the conditions of the raw material and the downstream use. The 
SPACs used in this study were produced by both wet and dry grinding 
processes. For the dry grinding process, 60 g dried washed PAC was ground 
directly with 20 milling balls at a grinding speed of 550 rpm for totally 1 hour 
(stopped to cool down every 15 minutes). The operation of wet grinding was 
mostly the same as dry grinding, while the only difference was that ultrapure 
water and the washed PAC were mixed firstly with a volume proportion 
(PAC : milling balls : water) of around 1:1:1 before starting the grinding. 
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To determine the effect of grinding method and particle size of activated 
carbon on the adsorption performance, dry grinding SPAC (D-SPAC), wet 
grinding SPAC (W-SPAC) and PAC were employed in this study. SPACs was 
dried in an oven at 105 ºC and stored in a desiccator before use. Both 
adsorbents were stored as concentrated slurries. The slurries were prepared by 
adding 10 mg PACs into 1 L ultrapure water respectively and stored in a 
refrigerator at 4 ºC. 
 
Plate 3.1 Retsch PM 100 planetary ball mill. 
 
 
Plate 3.2 Milling jar and milling balls. 
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3.4 Batch adsorption experiments 
In the adsorption kinetic experiments, 50 mL PACs slurries (either PAC or 
SPACs) were added into 450 mL EDCs/PPCPs solutions with initial 
concentrations of around 200 µg/L. 1 mL phosphate buffer was spiked into 
EDCs/PPCPs solutions in order to maintain the pH at 7.0. The mixed solutions 
were put on a Universal Orbital Shaker (OS-20, BOECO, Germany) at 150 
rpm under 28 ºC. The samples were taken at different time intervals, like more 
frequently in the initial 2 h, and every one hour from two hour onwards till 5 
or 6 h. All the samples were filtrated with 0.45 µm glass microfiber filters 
(Whatman
TM
, UK) firstly and then analyzed by a high performance liquid 
chromatography (Agilent 1100, USA) tandem mass spectrometry (Applied 
Biosystems, USA) (HPLC/MS/MS). The equilibrium time for isotherm study 
was determined by the kinetics experiment. 
 
EDCs/PPCPs uptake was calculated from mass balance according to the 
following equation: 
   
        
    
                                                                                                  (3.1) 
Where qt is the amount (μg/mg) of EDCs/PPCPs adsorbed at time t, V is the 
solution volume (L), Cs is the concentration of the stock activated carbon 
slurry (mg/L), and Vs is the volume of carbon slurry used (L), C0 and Cf are 
the initial and final concentrations (μg/L) of EDCs/PPCPs, respectively. 
 
The equilibrium adsorption studies were carried out by adding fixed volume of 
adsorbent slurries into EDCs/PPCPs solutions with an initial concentration 
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range. 18 mL EDCs/PPCPs solutions with initial concentration ranging from 
30 to 500 μg/L (phosphate buffer was spiked) were prepared in laboratory 
bottles (Duran, Germany), and then 2 mL PAC slurries were added into each 
of the EDCs/PPCPs solution. All samples were sealed with parafilm to avoid 
evaporation. The mixtures were put into an Orbital Shaker Incubator (LM-
590R, Taiwan) under 28 ºC at 150 rpm for 7 days. Control tests were also 
conducted to confirm that the EDCs/PPCPs concentration change would be 
negligible after long-term mixing. At the end of the experiment, the samples 
were taken out and filtered with a 0.45 μm glass microfiber filter. The filtrates 
were analyzed with HPLC/MS/MS for the residual EDCs/PPCPs 
concentration in the liquid phase. 
 
NOM (simulated with HA) effect experiments involved the adsorption of 
EDCs/PPCPs with and without HA. NOM containing solution was prepared 
by diluting HA stock solution, and the background total organic carbon (TOC) 
was controlled at around 2.2 mg/L, which was determined by a Total Organic 
Carbon Analyzer (TOC-VCSH, Shimadzu, Japan). The solution pH was 
adjusted to be 7.0 with phosphate buffer, and the experiment procedures were 
the same as in the pure water. 
 
In the pH effect experiments, 90 mL of 200 µg/L EDCs/PPCPs solutions with 
different initial pH (2 to 11) were prepared in Duran bottles. HCl or NaOH 
was used to adjust the pH. 10 mL PACs slurries were added into the 
EDCs/PPCPs solution with a dosage of 1 mg/L. After that, the mixtures were 
agitated with a shaker at 28°C for one week. At the end of the experiment, 
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samples were filtered with a 0.45 µm glass filter, and the filtrate was analyzed 
for residual EDCs/PPCPs concentration with HPLC/MS/MS.  
 
All these batch adsorption experiments above were conducted in duplicate. 
 
3.5 NOM effect study 
In this part, the NOM effect on the adsorption of E1 was comprehensively 
investigated from these three aspects: NOM concentration, molecular weight, 
and hydrophobicity. The experiments were similarly operated as the isotherm 
studies mentioned before except for different types of NOM added. 
 
In the NOM concentration effect study, the NOM was simulated with HA with 
an initial concentration of 0.9, 2.2, 4.5, and 9 mg/L. In the NOM molecular 
weight effect study, PSS 210, 1400, 13 K and 77 K were used to represent 
different molecular weight fractions, and the PSS concentration used was 5 
mg/L. For the NOM hydrophobicity effect study, the NOM concentration used 
was 2.2 mg/L. NOM fractionation was obtained by tandem XAD-8/XAD-4 
resin adsorption chromatography fractionation (Mash et al., 2004) (as shown 
in Figure 3.1).Raw water used was filtrated with 0.45 µm filter paper after 
being collected from a local Lake in Singapore. The XAD resin was wetted 
with methanol and washed with distilled water before use. Each column 
contained a resin volume of around 150 mL.10L filtrated/acidified (pH 2.0) 
water sample passed through a column containing XAD-8 resin, and then 
through a column containing XAD-4 resin at a flow rate was set as 5 ml/min. 
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The hydrophobic fraction, mainly the fulvic acids, humic acids, and 
hydrophobic neutrals, is defined as the NOM retained on XAD-8 resin at pH 2 
that can be eluted with 0.1M NaOH. The transphilic fraction, also called 
hydrophilic acids, is defined as the NOM that passes through XAD-8 resin but 
is retained on XAD-4 resin at pH 2 and can be eluted with 0.1M NaOH. The 
hydrophilic fraction, also recognized hydrophilic neutrals and bases, is defined 
as the NOM that passes through these two columns. 
 
Figure 3.1 Schematic of the XAD-8/XAD-4 isolation scheme. 
 
3.6 Bench-scale PACs/UF system study 
As we all known, low pressure membrane alone does not own the ability of 
eliminating low molecular organic contaminants (like DCF). Certain 
pretreatments should be added before the MF/UF filtration. Therefore, in this 
part, both PAC and SPAC were combined with a 100 KDa polyethersulfone 
(PES) UF membrane (UE50, TriSep, USA) membrane to establish a hybrid 
PACs/UF process for DCF removal. The effect of water matrix on DCF 
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removal was examined with the PACs/UF system, and then fouling study was 
conducted with natural lake water. 
 
3.6.1 Effect of water matrix 
The schematic diagram of PACs/UF was as shown in Figure 3.2. The setup 
was mainly consisted of feed reservoir, stirred cell, UF membrane, pump, and 
tubes etc.. All tubes and fittings were made up of Teflon to avoid adsorption of 
DCF on them. A dead end, 200 mL stirred cell (Millipore, USA) was 
employed in this study. The UF membrane was placed at the bottom of the 
stirred cell. The UF membrane was cut into round pieces with an effective 
surface area of 28.7 cm
2
 to fit the stirred cell. Since all membranes were 
pretreated with glycerin to prevent drying , each disc was rinsed by floating its 
skin side down in a beaker of distilled water for at least one hour, changing 
water three times, to remove these materials before use. After that, the 
membrane disc was put into the stirred cell and rinsed by filtering distilled 
water for at least 5 minutes. 




Figure 3.2 Schematic of the PACs-UF system for water chemistry effect 
study. 
 
There were two types of feed solution used in this part, DCF only (100 µg/L) 
and DCF with HA (5 mg/L). Solutions with different initial pH (4, 7 and 10) 
were adjusted with HCl and NaOH. Solutions with different Na
+
 concentration 
(10 mM and 50 mM) were obtained by the addition of NaCl. CaCl2 was used 
as the divalent cation source. The concentration of Ca
2+
 concentration used 
were 0.3 mM and 0.6 mM. For the cations effect study, pH was maintained 
around 7 with phosphate buffer. 
 
In this study, 2 L test solution was held in a 3 L beaker and fed to the stirred 
cell by a pump with a flow rate of 3 mL/min. 1 mg PAC/SPAC was added into 
the stirred cell directly. A pre-adsorption of 10 min was conducted. After the 
filtration started, 1 mL of samples were taken from the UF effluent at 5, 10, 20, 
30, 40, 50, 60, 90, 120, 180 and 240 min interval for the measurement of DCF 
with HPLC/MS/MS, and 5 mL samples were taken to detect the NOM 
concentrations with a ultraviolet-visible (UV-Vis) spectrometer (DR 5000, 
HACH, USA). During filtration, the mixture was continuously stirred at a 
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fixed rotating speed of 250 rpm. The temperature was maintained around 28 
ºC throughout the experiment. 
 
3.6.2 Feasibility study for natural source water 
The setup was as presented in Figure 3.3. A digital pressure gauge (ZSE50F-
T2-22L, SMC, Japan) was employed to monitor the trans-membrane pressure 
(TMP) buildup during the filtration process. 
 
Figure 3.3 Schematic of the bench-scale PACs-UF system for the 
feasibility study. 
 
A natural lake water sample was used in this section, which was filtrated by a 
0.45 um filter membrane in order to remove particles before use. Diclofenac 
was spiked into the filtered lake water. The rise of trans-membrane pressure 
was monitored by a digital pressure gauge. The flux of permeate was fixed to 
100 L/m
2
/h. The PACs slurries were injected into the stirred cell with a dosage 
as 1 ppm. A pre-adsorption was conducted 10 min prior to the filtration by 
stirring the solution only. The initial concentration of DCF and NOM were 
maintained at about 100 µg/L and 4 mg/L, respectively. TMP buildup was 
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read from the pressure gauge. Water samples were taken from the UF effluent 
at 5, 10, 20, 30, 40, 50, 60, 90, 120, 180, 240 and 300 min. The concentration 
of DCF was detected with HPLC/MS/MS, and the NOM concentration was 
analyzed with UV-Vis spectrometer. 
 
3.7 Sampling and analysis methods 
3.7.1 Water sampling 
For the adsorption experiments, 500 ml and 50 ml glass Duran bottles were 
employed in the adsorption kinetics and adsorption isotherm respectively. All 
glassware used were rinsed with ultrapure water thoroughly and then 
combusted at 550 ºC for 2 h. 
 
Natural lake water was employed in NOM effect study and the membrane 
fouling study. Water samples taken from a local lake were collected in 
polyethylene tanks and stored at 4 ºC. All the lake water used in this study 
were filtrated with 0.45 µm filter papers (GN-6 Metricel
®
 Grid 47mm, 0.45 
μm, Pall Corporation, USA) before use in order to avoid the effects from 
particles. EDCs/PPCPs were spiked in this filtered lake water. 
 
Samples were preserved at 4 ºC and analysis was performed within 24 h of 
collection. 
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3.7.2 Water analysis 
3.7.2.1 HPLC/MS/MS measurement 
A high-performance liquid chromatograph, composed of a HP1100 liquid 
chromatograph (Aligent Technologies, USA) interfaced with a tandem triple-
quadrupole mass spectrometry (MDS Sciex API 2000, Applied Biosystems, 
USA) (Plate 3.3), was employed to detect EDCs/PPCPs. E1 and DCF were 
detected in the electrospray negative ionization mode, while CBZ was in 
positive mode. The separation of compounds was performed using a 2.1×150 
mm (5 μm) ZORBAX Extend-C18 column (Agilent Technologies, USA). A 
10-μL aliquot of the sample extract was injected into a KrudKatcher Ultra 
HPLC In-Line Filter (0.5 µm Depth Filter×0.004 in ID, Phenomenex, USA) 
connected sequentially to the ZORBAX Extend-C18 column, with ultra-pure 
water (solvent A) and acetonitrile (solvent B) as mobile phases, starting at 30% 
solvent B. The flow rate was set at 300 µL/min. The multiple reaction 
monitoring (MRM) mode was chosen for quantification. After observing 
collision-induced dissociation (CID) spectra obtained by full-scan production 
experiments, the following MRM pairs were chosen: E1: 269/145, CBZ: 
237/194, and DCF: 294/250. Quantification was based on the response of the 
external standards. The calibration curve, containing 1, 5, 10, 30, 50, 100, 200, 
and 500 ng/mL standard, was used with coefficient of determination (R
2
) 
exceeding 0.995. All the samples were measured after filtration with a 0.45 
μm glass microfiber filter. 




Plate 3.3 HPLC/MS/MS apparatus. 
 
3.7.2.2 TOC and UV254 analysis 
The concentrations of organic matter were determined by a Total Organic 
Carbon Analyzer (TOC-VCSH, Shimadzu, Japan) (Plate 3.4). Ultraviolet 
adsorption at a wavelength of 254 nm (UV254) was measured by a UV-Vis 
spectrometer (DR 5000, HACH, USA) (Plate 3.5) with a 1 cm quartz cell. 
UV254 has a bias towards compounds containing double bonds and aromatic 
functional groups which is typically the most problematic contaminants in 
water. 
 
Plate 3.4 Total organic carbon analyzer. 
 




Plate 3.5 UV-Vis spectrophotometer. 
 
3.7.2.3 pH analysis 
pH is a measure of the hydrogen ion concentration in water. It indicates the 
acidity or basicity of an aqueous solution, which also determines the organic 
and inorganic solutes dissociation percentage in water, as well as the 
membrane characteristics. A Lab-850 pH meter (Scoot, Germany) was used to 
measure the pH in this study. 
 
3.7.2.4 Conductivity analysis 
Conductivity is a measure of the ability of water to pass an electrical current. 
It is affected by the presence of inorganic negative and positive ions. In this 
study, the conductivity was measured with a conductivity meter (accument
TM
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3.7.2.5 Turbidity analysis 
Turbidity in water is caused by the presence of suspended particles that reduce 
the clarity of the water. Turbidity measurements require a light source and a 
sensor to measure the scattered light. The measured turbidity increases as the 
intensity of the scattered light increases. A 2100N Laboratory Turbidity Meter 
(HACH, USA) was employed to test the turbidity of lake water. 
 
3.7.2.6 Ion analysis 













 etc., were measured by a Dionex DX-500 ion-
chromatography system (Dionex, USA) (Plate 3.6). Cation detection used 
IonPac CS12A (4 × 250 mm) column while anion detection used IonPacAS9-
HC 4 mm column. The chromatographic separation of the analytes was carried 
out with 0.5 mM sulfuric acid for cation and 0.5 mM sodium carbonate for 
anion, at a flow rate of 1.0 mL/min. 
 
Plate 3.6 The Dionex ion chromatography system. 
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3.7.2.7 Molecular weight distribution analysis 
The molecular weight distribution of HA was measured with a high 
performance liquid chromatography (HPLC) system (LC-10Avp, Shimadzu, 
Japan) (Plate 3.7) with a Polymer Laboratories aquagel-OH column. The 
mobile phase consisted of 0.01 M monosodium orthophosphate at pH 7.0. 
NaNO3was added to yield an ionic strength of 0.1 M. The flow rate was fixed 
at 0.8 mL/min. The calibration curve was generated with polystyrene 
sulfonates (PSS) with different molecular weight (1800, 4300, 6800, 13000, 
32000, and 49000Da). An SPD-M10Avp Shimadzu Diode Array detector was 
operated at 254 nm for both the standards and HA sample. 
 
 
Plate 3.7 High performance liquid chromatography (HPLC) system. 
 
3.7.2.8 LC-OCD analysis 
Liquid chromatography-organic carbon detection (LC-OCD) is an analytical 
technique for identification and quantification of NOM. A LC-OCD analyzer 
(DOC-LABOR Dr. Huber, Germany) (Plate 3.8) was applied to separate the 
dissolved organic matters. A phosphate buffer was used as the mobile phase 
and it was delivered with a HPLC pump at a flow rate of 1.1 mL/min. The 
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sample injection volume was 1 ml and the time of measurement was 130 min. 
Samples were measured with all three detectors, namely organic carbon 
detector (OCD), UV254 detector (UVD) and organic nitrogen detector (OND). 
According to molecular weight and physicochemical characteristics, it was 
separated to five different fractions, such as biopolymers, humic substances, 
building blocks, low molecular acids and low molecular neutrals (as shown in 
Figure 3.4). 
 
Figure 3.4 Chromatographic diagram of LC-OCD. 
 




Plate 3.8 Liquid chromatography-organic carbon detection (LC-OCD) 
system. 
 
3.7.3 Adsorbent characterization 
A field emission scanning electron microscope (FESEM) (ZEISS, Carl Zeiss 
Microscopy, Germany) (Plate 3.9) was employed to observe the surface 
physical morphology of the adsorbents at 5 kV accelerating voltage. Before 
observing, the PAC and SPACs were firstly dried in a desiccator overnight. 
Subsequently, these dry samples were attached on an aluminium stub with 
carbon conductive tape. 




Plate 3.9 Field emission scanning electron microscope. 
 
The particle size distribution of the powdered activated carbons was 
determined by a particle size analyzer (Mastersizer, Malvern, UK) (Plate 3.10). 
Approximately 800 mL of dispersant (ultrapure water was used as dispersant 
for PACs in this study) was prepared in a glass beaker and placed in the pump 
compartment under the pump housing. The pump speed was set at 2500 rpm. 
The PACs samples were added slowly into the beaker until the obscuration 
value shown between 20 to 30%. 
 




Plate 3.10 Particle size analyzer. 
 
The porous features of the PACs were obtained from nitrogen isotherms at 77 
K by a Brunauer-Emmett-Teller (BET) surface area measurement (Autosorb-1, 
Quantachrome instruments) (Plate 3.11). Before conducting each N2 
adsorption test, samples were degassed at 300 ºC for 6 h. The surface area 
(SBET) was calculated from the linear region of adsorption isotherm under the 
relative pressure (P/P0) from 0.05 to 0.3 by BET equation. Since the isotherms 
exhibited the apparent plateaus of type IV isotherm, the total volume (VT) was 
defined as the volume of liquid N2 adsorbed at the relative pressure of 0.99. 
The microporous volume (Vmi) was determined by Dubinin-Radushkevich 
(DR) method, and the mesoporous volume (Vme) was the difference between 
VT and Vmicro. The pore size distribution was evaluated by the non-linear 
density functional theory (NLDFT) method, in which the N2-carbon 
equilibrium transition kernel based on a cylindrical pore model was used. This 
method was applicable in pore width within a range of 0.35 to 40 nm. The 
average pore diameter (Dp) was calculated using the relation of 4VT/SBET. 
 




Plate 3.11 BET surface area measurement. 
 
The Fourier transform infrared spectra (FTIR) were measured by a FTIR 
spectrometer (Varian 3100 Excalibur, USA) (Plate 3.12) to study the 
functional groups on the surface of the adsorbent. Dry adsorbent was mixed 
with spectrometry grade KBr at a mass ratio of 1:100 ([adsorbent] / [KBr]), 
and then ground in an agate mortar. After that, a disc was made by pressing 
the powder mixture. The disc was placed in the instrument and scanned in 
transmission mode through wavenumber range from 4000 to 400 cm
-1
. Before 
sample measurement, background was collected from the scan of pure KBr, 
which was then automatically subtracted from the sample spectrum. 
 
Plate 3.12 FTIR spectrometer. 
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The point of zero charge of the activated carbon was determined by a mass 
titration method (Noh and Schwarz, 1989). Three solutions of decarbonated 
distilled water (ultrapure water purged nitrogen gas for hours) with different 
pH values (3, 5.5, and 9.5) were carefully prepared by adding 0.1 M HNO3 
and 0.1 M NaOH. For each pH condition, five bottles with 50 mL solutions 
were used and different amount of adsorbents (0.1%, 0.5%, 1%, 5% and 10% 
by mass fraction) were added. All bottles with suspensions were sealed and 
placed on a shaker at 150 rpm under 28 ºC for 3 days to reach equilibrium. 
After that, the pH of the supernatant was measured. 
 
3.7.4 Membrane characterization  
The morphology of the fresh and fouled membranes was examined with a 
scanning electron microscope (ZEISS, Carl Zeiss Microscopy, Germany).The 
membranes were firstly dried in a frozen dryer (CHRIST ALPHA 1-2 LD, 
Germany). After that, the dry membranes were placed on analuminium stub 
and coated with gold by a sputter (ZEISS, Germany). Subsequently, the coated 
specimens were examined at 5 kV accelerating voltage. 
 
Zeta potential was investigated from streaming potential measurements by an 
Electro Kinetic Analyzer (Anton Paar, Austria) (Plate 3.13), which indicates 
the charge property of the membrane surface. This machine utilizes Ag/AgCl 
electrode to measure the induced streaming potential when a test solution 
flows across a stationary, charged membrane. 
 




Plate 3.13 Electro kinetic analyzer. 
 
The chemical functional groups of the membrane surface were characterized 
by attenuated total reflectance Fourier transform infrared (ATR-FTIR) 
spectroscopy. The detection was conducted through a spectrophotometer 
(Varian 3100 Excalibur, USA) equipped with an ATR cell (KRS-5 crystal, 45°) 
in the wave number range of 600-4000 cm
-1
. The membrane was dried in a 
desiccator before analysis. Membrane was cut into 5×5 mm-sized piece and 
pressed against the surface of zinc selenide (ZnSe) focusing element of the 
ATR cell. For each test, an averaged spectrum was obtained from a series of 
32 scans. 
 
Contact angles of virgin and fouled membranes were measured to interpret the 
hydrophobicity of the membrane surface. The membranes were dried and then 
measured with a surface contact angle machine (VCA Optima, AST Products 
Inc.) by the sessile drop method. A higher contact angle indicates greater 
hydrophobicity of the membrane surface. 
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4 RESULTS AND DISCUSSIONS 
4.1 Adsorbents preparation and batch EDCs/PPCPs 
adsorption study by PACs 
4.1.1 Introduction 
In this part, SPAC was prepared with a planetary ball mill by both dry 
grinding and wet grinding methods. The characterization of the three kinds of 
adsorbent was investigated.  The adsorption kinetics and adsorption capacities 
of three EDCs/PPCPs (E1, CBZ and DCF) were studied in pure water firstly, 
and then in the HA containing water. Finally, the effect of the initial pH was 
examined on the adsorption of E1 and DCF. 
 
4.1.2 Characterization of adsorbents 
The surface morphology of the adsorbents was observed by a scanning 
electron microscope (SEM), and as shown in Figure 4.1. Compared with 
images (a), (b) and (c), it is obvious that after grinding, the particle size of 
activated carbon became much smaller than before, which was within the sub-
micron range (referring to images (e), (f), (g) and (h)). It can also be observed 
that the shape of the activated carbon was irregular. Moreover, the activated 
carbon particles agglomerated together more heavily for the submicron-sized 
4 RESULTS AND DISCUSSIONS 
65 
 
adsorbents. With a much smaller scale of nanometer range as image (d), it 
presented the porous surface of the PAC (as shown in the red square). 
 
Figure 4.1 SEM microghraph of adsorbents: (a), (b), (c) and (d) PAC; (e) 
and (f) D-SPAC; and (g) and (h) W-SPAC. 
 
The particle size distribution of SPACs and PAC, measured by a particle size 
analyzer, are presented in Figure 4.2. It can be observed that the particle size 
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decreased significantly after grinding. The particle size of PAC had an 
appreciably broader distribution than that of the final SPAC products, and D-
SPAC showed a much narrower distribution compared to W-SPAC. D (v, 0.5) 
is defined as the size of particle at which 50% of the sample is smaller and 50% 
is larger than this size, which is also known as the mass median diameter 
(MMD). The measured MMD values of D-SPAC, W-SPAC and PAC were 
0.87 μm, 1.1 μm and 37.6 μm, respectively. 
 
Figure 4.2 Particle size distribution of adsorbents: (a) D-SPAC; (b) W-
SPAC; and (c) PAC. 
 
The surface area and the pore volume characteristics of adsorbents are 
summarized in Table 4.1. It can be found that after grinding SPACs had a 
lower specific surface area (D-SPAC 776 m
2
/g and W-SPAC 758 m
2
/g) than 
that of PAC (962 m
2
/g). Similar reports have been found in literatures. It was 
attributed to that the small particles could agglomerate heavily after grinding 
(Perezrodriguez et al., 1988; Disma et al., 1996; Sanchez-Soto et al., 2000). 
Since the BET analysis provides specific surface area by nitrogen multilayer 
adsorption measured as a function of relative pressure. Hence, if the SPAC 
particles agglomerated heavily, N2 was difficult to be pressed into the inner 
pore structures. However, as the particle size was reduced largely, more outer 
surface of SPACs was exposed to the bulk solution when they were dispersed 
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in water. The total pore volume (VT) was also decreased from 0.729 cm
3
/g 
(PAC) to 0.637 cm
3
/g (W-SPAC) and 0.516 cm
3
/g (D-SPAC). 





3/g) Dp (nm) 
D-SPAC 776 0.516 0.401 0.115 2.66 
W-SPAC 758 0.637 0.372 0.265 3.36 
PAC 962 0.729 0.475 0.254 3.03 
 
According to the pore size classification recommended by the International 
Union of Pure and Applied Chemistry (IUPAC), pores with different pore 
diameters are classified as primary micropores (< 0.8 nm), secondary 
micropores (0.8-2 nm), mesopores (2-50 nm) and macropores (> 50 nm) as 
shown in Figure 4.3. The pores on the adsorbents were supposed mainly in the 
micropores and mesopores range. 
 
Figure 4.3 Schematic diagram of activated carbon particle structure. 
 
To get a more realistic pore size distribution appearance, NLDFT reports were 







). In regards to the pore size distribution profile 
shown in Figure 4.4, all of these three kinds of adsorbents contained abundant 
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micropores and mesopores and the pores were largely below 4.9 nm. 
Compared with W-SPAC, D-SPAC and PAC exhibited a narrower mesopore 
width ranging from 3.3 nm to 4.3 nm and 3.3 nm to 4.9 nm, respectively. 
 
Regarding to the N2 adsorption-desorption isotherms presented in Figure 4.5, 
all PACs displayed obvious hysteresis loops in high P/P0 range, revealing the 
presence of mesopores. The analysis was also consistent with the micropre and 
mesopore volume information summarized in Table 4.1 and Figure 4.4. 
 
Figure 4.4 Pore size distribution of adsorbents calculated by the NLDFT 
method. 
Here dV(w) stands for the incremental pore volume. 
 




Figure 4.5 N2 adsorption-desorption isotherms of adsorbents. 
 
The transmission FTIR spectra of the virgin adsorbents were tested to 
qualitatively evaluate the chemical structures on the adsorbent surface. From 
Figure 4.6, it was revealed that the functional groups on the activated carbon 
surface did not change after the grinding. The board, strong absorption band in 
wavenumber of 3400-3600 cm
-1
 (centered at 3466 cm
-1
) typically attributed to 
the O-H stretching vibration, indicating the presence of hydroxyl groups or 
adsorbed water on the adsorbent surface (GomezSerrano et al., 1996; 
Tongpoothorn et al., 2011). The sharp peak at 2349 cm
-1
 could be due to the C
C stretching vibrations in alkyne groups (Saka, 2012; Ceyhan et al., 2013). 
The region between 1500 cm
-1
 and 1700 cm
-1
 were assigned to C=C 
symmetrical stretching and C=O stretching of carbonyl, carboxyl and lactonic 
groups (Ji et al., 2007; Tongpoothorn et al., 2011; Saka, 2012). The band 
located at around 580 cm
-1
 attributed to in-plate deformation (Tongpoothorn et 
al., 2011) and O-H out-of-plane bending vibrations and(Yang and Qiu, 2010). 





Figure 4.6 FTIR spectra of adsorbents: (a) D-SPAC; (b) W-SPAC; and (c) 
PAC. 
 
The point of zero charge (pzc) is defined as the pH where the net surface 
charge of the adsorbent is zero. It was obtained by a plot of absorbent mass 
fraction against suspension pH under three different initial values (3, 5.5 and 
9.5) referring to Figure 4.7. The mechanism is that if the initial pH is not equal 
to the pzc of the adsorbent, it will have the potential to approach the pzc point 
at equilibrium by adding more adsorbent. Therefore, the pH value of the 
suspension when the adsorbent mass is sufficiently high could be deemed as 
the pzc point. It can be found that the pzc for PAC was around 6.96, which 
indicated that the surface charge of PAC is positive when solution pH is less 
than 6.96, suggesting a higher affinity for anions; while the surface charge is 
negative when solution pH is higher than 6.96, implying a higher affinity for 
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cations. As to the SPACs, the values of pzc (6.37 for W-SPAC and 5.81 for D-
SPAC) were lower than that of PAC.  
 
Figure 4.7 Point of zero charge of adsorbents: (a) D-SPAC; (b) W-SPAC; 
and (c) PAC. 
 
Since the pzc is attributed to the functional groups on the adsorbent surface, 
we may assume that the functional groups (like the carboxylic groups) in inner 
position of the adsorbent will appear on the adsorbent surface after grinding 
(as shown in Figure 4.8), resulting in the fact that the SPACs surface was more 
acidic than that of PAC. 
 
Figure 4.8 The position change of functional groups after grinding. 
 
Additionally, since the planetary ball mill was operated at very high speed, the 
temperature of grinding jar easily reached 200 °C, it had to be stopped for 30 
min with every operation round of 15 min to cool down. Hence, some 
functional groups had the potential to be oxidized. Disma et al. (1996) studied 
the grinding of graphite with respect to electrode producing also reported the 
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possibility of oxidation reactions while grinding. In addition, compared with 
D-SPAC, it can be noticed that the pzc for W-SPAC was a little higher. It 
suggested that the existence of water in wet grinding process may protect PAC 
surface from being oxidized to some extent. 
 
4.1.3 Adsorption performances of PACs for EDCs/PPCPs 
removal in pure water 
4.1.3.1 Adsorption kinetics of EDCs/PPCPs in pure water 
The adsorption kinetics describes the EDCs/PPCPs uptake rate and it is of 
great importance for designing appropriate adsorption process. Lagergren‘s 
pseudo-first order (Lagergren, 1898) and Ho‘s pseudo-second order kinetics 
equations (Ho and McKay, 1999) were used to fit the batch experimental data. 
These equations are all based on an adsorption process of an adsorbate from 
solution onto solid adsorbents. 
 
The pseudo-first order equationis given as follows: 
                 
  
     
                                                                      (4.1) 
 









                                                                                                (4.2) 
 
Additionally, adsorption is usually governed by either the liquid phase mass 
transport rate or the intra-particle mass transport rate. Hence, diffusive mass 
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transfer is usually incorporated into the adsorption process. In diffusion 
studies, the rate can be expressed in terms of the square root of time. The 
intra-particle diffusion model (Nethaji and Sivasamy, 2011) used is as follows: 
      
                                                                                                   (4.3) 
 
In these equations above, k1 is the pseudo-first order rate constant (min
-1
), k2 is 
the pseudo-second order rate constant (mg·μg-1·min-1) and ki is the intra-
particle diffusion rate constant (μg·mg-1·min-1/2). C is the intercept (μg/mg) 
and it gives an idea of the thickness of the boundary layer. qe and qt are the 
adsorbate uptake (μg/mg) at equilibrium and at time t (min), respectively. 
 
Figure 4.9, Figure 4.10 and Figure 4.11 present the E1, CBZ and DCF 
adsorption kinetics in pure water with an initial concentration of 200 μg/L at 
neutral pH with D-SPAC, W-SPAC and PAC. It can be found that SPACs 
clearly showed much faster EDCs/PPCPs uptake rate than that of PAC for all 
of these three compounds. Moreover, SPACs reached the equilibrium faster 
than PAC. As can be found in the kinetic figures, for SPACs it could almost 
reach equilibrium within the experimental time period of 2 h, while for PAC it 
was still in the stage of decreasing. The reason could be due to that as the PAC 
particle size was reduced largely after being grinded, more outer surface of 
activated carbon was exposed to the bulk solution and the travel distance 
became shorter, making the adsorbates easier to diffuse from the bulk water to 
the porous structure of activated carbon (Matsui et al., 2009a; Ando et al., 
2010). Compared the adsorption kinetics in the initial 1 h, a removal efficiency 
of 66.3%, 64.2% and 30.2% could be obtained for E1, that of 53.5%, 49.8% 
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and 23.8% could be reached for CBZ, and the DCF could get 50.0%, 39.4% 
and 23.0% removal efficiency with D-SPAC, W-SPAC and PAC, respectively. 
Amongst these three compounds, E1 presented the fastest adsorption kinetics 
for it is the most hydrophobic compound among them with high Kow value, 
leading to the highest tendency to be attached on the PACs surface. Since DCF 
is negatively charged at pH 7, and the PACs are also negatively charged at pH 
7 according to their zeta potential, it turned to be the most difficult compound 
to be removed. CBZ is an uncharged compound at pH 7 but its hydrophobicity 
is lower than E1, with a Kow value of 2.45, so the CBZ removal efficiency was 
between E1 and DCF. It also revealed that D-SPAC performed better than W-
SPAC for all of these target compounds, especially for DCF. However, 
referring to the characteristic of SPACs, the zeta potential of D-SPAC was a 
bit lower than W-SPAC, indicating that D-SPAC would have more negative 
charges than W-SPAC at pH 7, so the EDCs/PPCPs uptake rate were supposed 
to be lower with D-SPAC than W-SPAC, but the results presented were just 
opposite. The reason is probably due to that the surface area and micropore 
volume of D-SPAC were bigger than that of W-SPAC, which indicated that 
micropore played a much more important role in the adsorption process of 
micro organic pollutants. Additionally, it should be noted that this 
phenomenon was even more obvious for most difficult compound, the 
negatively charged DCF. Since the DCF and SPACs were all negatively 
charged, DCF tended to be the most difficult compound to be removed within 
these three compounds in this study. The DCF adsorption kinetics varied a lot 
between D-SPAC and W-SPAC, and the D-SPAC with higher micropore 
volume had a much better removal efficiency than W-SPAC. This result 
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revealed that larger micropore volume was more essential for EDCs/PPCPs 
removal, which may offset the negative effect of electrostatic repulsion to 
some extent. 
 
As SPAC was a much more effective adsorbent than PAC for EDCs/PPCPs 
elimination in water treatment, and the adsorption kinetics improvement of 
SPAC was consistent with the former research for MIB and geosmin (Matsui 
et al., 2010a), a comparison of this study and literature is summarized in  
 
Table 4.2. The PACs dosage for MIB was the same with this study (1 mg/L), 
and PACs dosage for Geosmin removal was 0.6 mg/L, which was smaller than 
this study. The initial concentrations of the micro contaminants in this study 
were 200 µg/L, while the concentration of taste and odor compounds in the 
literature were only 100 ng/L. However, it can be found that although the 
initial concentrations were much higher in this study, the removal efficiency 
could achieve almost the same as that in the literature, which means the 
activated charcoal employed in this study tended to be much easier for the 
micro organic pollutants attachment. This difference could be resulted from 
PAC types. The PAC used in the literature was wood-based PAC. When 
compared with PAC made from the other materials (peat, coal and coconut 
shell), the percentage of the micropore volume for wood-based activated 
carbon was the lowest, only around 40% of the total pore volume (Crittenden 
et al., 2005). The activated charcoal applied in this study was originated from 
natural-organic material, e.g. from petroleum, coal, etc. (given by the supplier). 
As seen from Figure 4.4 and Table 4.1, the percentage of micropore volume in 
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the total pore volume were all above 58%. For D-SPAC, micropores even took 
up 77.7% of the total pores, and it was also demonstrated to be the most 
efficient adsorbent for EDCs/PPCPs removal in this study. Therefore, this 
finding also demonstrated that micropores play an important role on the micro 
pollutants adsorption process. 
 
Figure 4.9 Adsorption kinetics of E1 in pure water. 
 




Figure 4.10 Adsorption kinetics of CBZ in pure water. 
 
 
Figure 4.11 Adsorption kinetics of DCF in pure water. 
 
 
4 RESULTS AND DISCUSSIONS 
78 
 
Table 4.2 Comparison of micro organic compounds adsorption with 












MIB 100 ng/L 1 59 26 
Geosmin 100 ng/L 0.6 48 10 
E1 200 µg/L 1 66.3 30.2 
CBZ 200 µg/L 1 53.5 23.8 
DCF 200 µg/L 1 50.0 23.0 
*
 SPAC in the above table indicates D-SPAC for the EDCs/PPCPs adsorption, 
and the removal efficiencies were all for an adsorption period of 1 h. 
 
The EDCs/PPCPs adsorption kinetics data was fitted with pseudo-first order, 
pseudo-second order, and intra-particle diffusion models with all PACs. The 
parameters in these models were summarized in Table 4.3. It can be found that 
pseudo-second order equation was much better fitted than pseudo-first order 
model for all compounds with a higher coefficient of determination (R
2
) 
values lager than 0.98, indicating that chemisorption is the dominant 
adsorption which determines the adsorption kinetics. The pseudo-second order 
equation fitting curves were included in the small panels of Figure 4.9, Figure 
4.10 and Figure 4.11. The equilibrium uptakes calculated from pseudo-second 
order model were also closer to the results obtained from the experiments. For 
the intra-particle diffusion model, it is believed that if the plot of the linearized 
form of the intra-particle diffusion model passes through the origin, the 
process is affected by only intra-particle diffusion, or the adsorptive processes 
other than intra-particle diffusion might occur (Ahn et al., 2009). It was noted 
that linear lines of SPACs and PAC all failed to pass through the origin, which 
suggests that the intra-particle diffusion was not the only limiting mechanism 
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in the adsorption process, and non-diffusion reactions probably occurred 
between EDCs/PPCPs and PACs. Especially for SPACs, it showed an 
instantaneous adsorption within the first 60 minutes, and then followed by a 
gradual adsorption process where the intra-particle diffusion was the rate 
limiting (data not shown). Thus, the fitting of intra-particle diffusion model 
was separated into two phases for SPACs adsorption. ki and R
2
 values listed in 
Table 4.3 were the fitting results for the initial 60 minutes, while PAC was 
fitted with the entire kinetics data since it could get a good agreement with the 
intra-particle diffusion model for 6 h. The ki value for E1 adsorption was the 
highest, and followed by that of CBZ and DCF, which was in accordance with 
the kinetics results. The ki values of SPACs for all compounds were higher 
than that of PAC, which means that intra-particle diffusion of EDCs/PPCPs 
into SPACs was faster than into PAC in pure water. If comparing D-SPAC 
with PAC, the intra-particle diffusion rate of D-SPAC enhanced 4.17, 2.59, 
3.19 times for E1, CBZ and DCF, respectively, than that of PAC. 
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Table 4.3 Kinetics parameters for the adsorption of EDCs/PPCPs in pure water. 
  Pseudo-first order  Pseudo-second order  Intra-particle diffusion 
















D-SPAC 0.0135 110.06 0.896  0.0005 228.31 0.999  16.974 68.254 0.962 
W-SPAC 0.0082 104.14 0.838  0.0004 225.23 0.997  11.807 88.893 0.962 
PAC 0.0047 79.67 0.823  0.0004 124.53 0.965  4.068 48.796 0.940 
CBZ 
D-SPAC 0.0095 35.52 0.735  0.0023 136.99 0.999  8.604 68.213 0.848 
W-SPAC 0.0097 51.14 0.848  0.0010 137.17 0.999  8.336 57.011 0.959 
PAC 0.0122 62.84 0.893  0.0005 94.52 0.982  3.325 33.254 0.918 
DCF 
D-SPAC 0.0124 43.27 0.865  0.0012 99.01 0.999  7.851 28.216 0.972 
W-SPAC 0.0169 39.42 0.830  0.0014 81.30 0.999  5.608 26.517 0.963 
PAC 0.0090 41.53 0.946  0.0007 62.50 0.988  2.459 18.715 0.954 
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4.1.3.2 Adsorption isotherms of EDCs/PPCPs in pure water 
In this study, both Langmuir and Freundlich isotherm models were applied to 
describe the relationship between the amount of adsorbates adsorbed and the 
concentration of equilibrium solution. 
 
The Langmuir isotherm model is applicable to homogeneous sorption process, 
in which the adsorption of each adsorbate molecular onto the surface sites of 
adsorbent have the same affinity, and the molecules form a monolayer of 
adsorbate on the surface of the material, saturating the pores and preventing 
the transmigration (Senthil Kumar et al., 2010). Langmuir isotherm equation is 
expressed as: 
   
       
     
                                                                                                   (4.4) 
 
Where qe (μg/mg) is amount of adsorbate adsorbed per unit weight of 
adsorbent, qmax is the monolayer adsorption capacity, Ce (μg/L) is the 
equilibrium concentration of the adsorbate in solution, and b is the Langmuir 
constant, which reflects the affinity between adsorbate and adsorbent. 
 





    
   
 
     
                                                                                      (4.5) 
 
The effect of isotherm shape has been discussed with a view to predicting 
whether an adsorption system is ‗favourable‘ or ‗unfavourable‘. The essential 
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characteristic of the Langmuir isotherm model can be described by a 
dimensionless separation factor (RL), which is defined as: 
   
 
     
                                                                                                      (4.6) 
 
Where b is the Langmuir constant and C0 is the initial concentration as a 
reference fluid-phase concentration of adsorbate (μg/L). RL indicates the shape 
of the isotherm and the nature of adsorption process. The adsorption process is 
thermodynamically unfavorable if RL > 1, linear if RL = 1, thermodynamically 
favorable if 0 < RL < 1, and irreversible if RL = 0. 
 
The Freundlich isotherm model is an empirical equation based on the 
adsorption on heterogeneous surface, which is expressed as: 
       
                                                                                                     (4.7) 
 
where qe (μg/mg) is the amount of adsorbate adsorbed per unit weight of 
adsorbent, KF is the Freundlich adsorption constant, Ce (μg/L) is the 
equilibrium concentration of the adsorbate in solution, 1/nF is the 
heterogeneity factor, which characterizes the intensity of the adsorption force 
between the adsorbent surface and the adsorbate, and nF is a measure of the 
deviation from linearity of the adsorption. Its value indicates the degree of 
non-linearity between solution concentration and adsorption. 
 
It can also be represented by the following linearized equation: 
          
 
  
                                                                                      (4.8) 
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Figure 4.12, Figure 4.13 and Figure 4.14 show the adsorption isotherms of E1, 
CBZ and DCF, respectively. The adsorbent dosage was 1 mg/L. The values of 
the maximum adsorption capacity (Qmax), coefficient of determination R
2
, and 
other constants obtained for these models are summarized in Table 4.4. From 
the fitting of the experimental data with Langmuir isotherm, it can be found 
that the fitness for all compounds was quite good with R
2
 values larger than 
0.98, which indicates it is a monolayer coverage of adsorbate on a 
homogeneous adsorbent surface adsorption process. The Langmuir fitting 
curves were also included in Figure 4.12, Figure 4.13 and Figure 4.14. The 
maximum adsorption capacity can be calculated from the Langmuir isotherm, 
and it revealed that the maximum adsorption capacities of these three 
adsorbents were almost the same. The reason is that EDCs/PPCPs belongs to 
low molecular weight adsorbates and the result was in consistent with 
previous reports of phenol and taste and odor compound (Matsui et al., 2004; 
Matsui et al., 2010a). It should be noted that E1 possessed the highest Qmax 
value, followed by CBZ, and the lowest was DCF. For example, the maximum 
adsorption capacity of E1, CBZ, and DCF with D-SPAC were 332.23 μg/mg, 
271.00 μg/mg and 200.00 μg/mg, respectively. E1 has the highest 
hydrophobicity among these three compounds with of a Log Kow of 3.43, so its 
adsorption capacity was the highest. The pKa value of DCF is 4 and it should 
be negatively charged at neutral pH, so it was more difficult to be attached. 
CBZ has a Log Kow of 2.45, which means the hydrophobicity is lower than 
that of E1, but since it is uncharged under pH 7, its maximum adsorption 
capacity was between E1 and DCF. The influence on adsorption capacity by 
structural and physicochemical of different compounds was in accordance 
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with literature (Jung et al., 2013). In addition, Le-Minh et al. (2010) also found 
that non-volatile neutral compounds with higher Kow value could show higher 
affinity with PAC. However, with relatively low initial concentrations of 
micro organic pollutants, SPAC showed a higher adsorption capacity than 
PAC, which should be due to a better affinity between EDCs/PPCPs and 
SPAC, and the Langmuir fitting results also showed a much bigger b value for 
SPACs than PAC as shown in Table 4.4. Even though the Freundlich isotherm 
model did not obtain very high R
2
 for every condition comparing with the 
linear plot of Langmuir isotherm, it also could reach R
2
 above 0.90 mostly. 
Researchers also found that the amount adsorbed on PACs at low equilibrium 
concentrations would be smaller for the PAC with the higher heterogeneity 
factor (Fukuhara et al., 2006), which was also in accordance with the results in 
this study.  
 
Figure 4.12 Adsorption isotherm of E1 in pure water. 
 




Figure 4.13 Adsorption isotherm of CBZ in pure water. 
 
 
Figure 4.14 Adsorption isotherm of DCF in pure water. 
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Table 4.4 Isotherm parameters for EDCs/PPCPs adsorption in pure water. 
  Langmuir isotherm model  Freundlich isotherm model 
  qmax (μg/mg) b (L/μg) R
2




D-SPAC 332.23 0.243 0.999 0.070  146.50 0.156 0.907 
W-SPAC 333.33 0.088 0.996 0.172  80.88 0.271 0.673 
PAC 327.87 0.043 0.996 0.299  45.15 0.368 0.894 
CBZ 
D-SPAC 271.00 0.045 0.994 0.270  47.94 0.311 0.975 
W-SPAC 265.25 0.025 0.984 0.404  37.26 0.329 0.982 
PAC 271.74 0.018 0.991 0.480  22.15 0.425 0.978 
DCF 
D-SPAC 200.00 0.092 0.997 0.186  72.46 0.180 0.976 
W-SPAC 187.97 0.055 0.994 0.276  56.88 0.203 0.997 
PAC 195.69 0.045 0.992 0.318  38.51 0.288 0.907 
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Wen et al. (2009) applied a kind of hydrophobic molecular sieve zeolites to 
adsorb E1. They found that within 4 h the adsorption reached equilibrium and 
the maximum adsorption capacity was 74 mg/g. Zhang et al. (2008) 
synthesized a molecular imprinted polymer (MIP) for the selective removal of 
E1. They found that the maximum adsorption capacity with this MIP for E1 
was about 25 mg/g and the reaction reached equilibrium within 8 h. 
Swarcewicz et al. (2013) studied the CBZ adsorption with fly ash-amended 
soil. They mixed the soil with certain ratio of fly ash ranging from 0% to 30%. 
The adsorption capacity increased with the addition of fly ash. The 
equilibrium could almost reach in 6 h and the maximum adsorption capacity 
ranged from 76.94 to 157.66 mg/kg. Single-walled carbon nanotubes 
(SWCNTs) were used by Lerman et al. (2013) to study CBZ adsorption. They 
found with 7 days the adsorption could reach equilibrium and the maximum 
adsorption capacity obtained from Langmuir isotherm was 130 mg/g. Xiong et 
al. (2010) used  magnetic multi-walled carbon nanotubes (MWCNTs) to 
examine the adsorption of diclofenac in aqueous solutions. The equilibrium 
time was 6 h and the maximum adsorption capacity of DCF with MWCNTs 
was 33.37 mg/g. They fitted the adsorption results with both Langmuir and 
Freundlich isotherms, and also found that the R
2
 of the Langmuir isotherm was 
better fitted with the experimental results. Report showed that researchers used 
a kind of biomass, namely Isabel grape bagasse, to remove diclofenac sodium 
from aqueous solution (Antunes et al., 2012). They found that within 24 h the 
adsorption could reach equilibrium and the maximum adsorption capacity for 
DCF was 76.98 mg/g. They indicated that the adsorption process of DCF with 
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this biomass most likely occurred in more than one layer since the Freundlich 
isotherm was better fitted with the results than the Langmuir isotherm. 
 
Table 4.5 summarized the comparison of these adsorption isotherm studies 
with different types of adsorbents for E1, CBZ and DCF removal. Compared 
with other adsorbents, powdered activated carbon turned to be the most 
efficient adsorbent for these micro organic pollutants removal with the highest 
adsorption capacity. And also, the equilibrium time of 6 h was also 
comparable with the literatures. The maximum adsorption capacity with PACs 
for EDCs/PPCPs removal was always several times higher than other 
adsorbents. This could be due to the PACs used in this study which contains 
abundant micropores as shown in Table 4.1 and Figure 4.4, and the 
micropores were proved to be more important in the low molecular weight 
compounds adsorption process as described in Section 4.1.3.1. Usually, the 
majority of pores distribute in micropores range for the coconut shell-based 
activated carbon, and the wood-based activated carbon has a more even 
distribution of different pores. As shown in report (Crittenden et al., 2005), the 
micropores volume took up around 63% of the total pore volume for coconut 
shell-based activated carbon, while the micopores proportion for coal-based 
and wood-based activated carbon were around 43% and 39%. Researchers 
used three different kind of activated carbon which originated from different 
raw materials, like coconut shell, coal and wood, to study the E1 adsorption 
performance (Fukuhara et al., 2006). The results presented that the amount of 
E1 adsorbed at equilibrium concentration of 1 µg/L were 73.5 mg/g, 36.3 
mg/g and 25.7 mg/g with coconut shell-based, coal-based and wood-based 
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activated carbon, respectively. The micropores of the adsorbents in this study 
were all in a very high level as shown in Table 4.1. For instance, the 
micropores in PAC took up 65.2% of the total pore, while this proportion for 
D-SPAC and W-SPAC were 77.7% and 58.4%, respectively. Thus, the PACs 
used in this study were demonstrated as an efficient adsorbent to eliminate 
EDCs/PPCPs in water treatment. 
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Table 4.5 Comparison of EDCs/PPCPs adsorption performance of this study with literatures
*
. 
Target compound Adsorbents Equilibrium time Adsorption capacity (mg/g) References 
E1 
zeolites 4 h 74 (Wen et al., 2009) 
MIP 8 h 25 (Zhang and Hu, 2008) 
D-SPAC 6 h 332.23 This study 
CBZ 
fly ash-amended soil 6 h 0.077 - 0.16 (Swarcewicz et al., 2013) 
SWCNTs 7 d 130 (Lerman et al., 2013) 
D-SPAC 6 h 271.00 This study 
DCF 
MWCNTs 6 h 33.37 (Xiong et al., 2010) 
biomass 24 h 76.98 (Antunes et al., 2012) 
D-SPAC 6 h 200.00 This study 
*
 Only included the D-SPAC results as the maximum adsorption capacities for E1, CBZ and DCF with different PACs were similar. 
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4.1.4 Adsorption performances of PACs for EDCs/PPCPs 
removal in HA containing water 
4.1.4.1 Characterization of HA 
NOM typically refers to HA and FA that are decayed by-products of plants in 
surface water. HA usually represents 40%-60% of the total organic matters. In 
this section, in order to exclude effects of other organic compounds, HA was 
used to simulate the effect of NOM.  
 
Before the adsorption study, HA was characterized with FTIR analysis and 
molecular weight distribution analysis. Figure 4.15 shows the FTIR spectrum 
of HA, and the result was comparable with other researchers who studied the 
characteristics of humic acids in surface water (Rodrigues et al., 2009). The 
broad strong band centered at wavenumber of 3404 cm
-1
 was due to the O-H 
stretching vibration. The peak at 2922 cm
-1
 could be resulted from the C-H 
stretching vibration of alkyl chains. The peak at 2355 cm
-1
 could be assigned 
to the existence of CO2. The intense band at 1609 cm
-1
 could be due to the 
C=O stretching vibration of the carboxylate and to the C=C stretching 
vibration in the aromatic ring and alkene groups as well. The peak at 1387 cm
-
1
 indicated the bending vibrations of methyl and methylene groups. In addition, 
the overlapped band between 1000 and 1200 cm
-1
 (centered at 1037 cm
-1
 in 
this study) was due to the stretching vibration of the C-O bond in alcohols, 
phenols and ethers. According to the HPLC graph in Figure 4.16, the 
molecular weight of HA was mostly in the range of 1000 to 5000 Da, and the 
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response peak was around 4000 Da. This value is in good agreement with 
other literatures (Chin et al., 1994). 
 
Figure 4.15 FTIR spectrum of HA. 
 
 
Figure 4.16 Molecular weight distribution of HA. 
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4.1.4.2 Adsorption kinetics of EDCs/PPCPs in HA containing water 
Figure 4.17, Figure 4.18 and Figure 4.19 show the E1, CBZ, and DCF 
adsorption kinetics in HA containing water with an initial concentration of 200 
μg/L in 5 h. The initial TOC of HA was 2.2 mg/L. Phosphate buffer was added 
to maintain the solution at neutral pH during the experiments. PACs were 
added with a dosage of 1mg/L. The experiments were carried out at room 
temperature of around 28 ºC.  
 
It should be noted that in the HA containing water SPACs could still perform 
much faster adsorption than that of PAC. For instance, in the first one hour, 
the removal efficiency with D-SPAC could reach 64.7%, 44.6% and 42.6% for 
E1, CBZ and DCF, respectively, while PAC could only get a removal 
efficiency of 29.6%, 16.3% and 17.7%. That was because more outer surface 
of SPAC was exposed to the bulk solution than that of the PAC as the particle 
size decreased, which made it much easier for the contaminants to diffuse onto 
the SPACs surface (Ando et al., 2010). However, if comparing the results with 
the adsorption performance in pure water, it presented that the existence of 
HA could inhibit the adsorption of EDCs/PPCPs onto adsorbents. For example, 
in pure water D-SPAC could obtain a removal of 66.3%, 53.5% and 50.0% 
removal of E1, CBZ and DCF within 60 min; while when HA existed, the 
removal efficiency with D-SPAC in 1 h could reach 64.7%, 44.6% and 42.6%, 
respectively. In addition, the adsorption process with PAC reached 
equilibrium faster in HA containing water compared with that in pure water. 
In the pure water experiments, the adsorption kinetics of EDCs/PPCPs with 
PAC was much slower than SPACs. SPACs could almost reach equilibrium in 
4 RESULTS AND DISCUSSIONS 
94 
 
2 h, but the PAC still had not reached the saturated state. As can be seen from 
Figure 4.9, Figure 4.10 and Figure 4.11, the EDCs/PPCPs concentration was 
still decreasing beyond 2 h. However, in the HA containing water, PAC 
reached equilibrium faster than SPACs. The EDCs/PPCPs concentration did 
not change much from 3 h onwards with PAC, while the SPACs were still 
adsorbing the contaminants until 6 h. The negative effect of NOM was usually 
considered through two mechanisms: direct sites competition and pore 
blockage (Li et al., 2003). Previously, researchers often used the ideal 
adsorbed solution theory (IAST) to model a multiple solute system (Radke and 
Prausnitz, 1972). This theory assumes equal access of all adsorbates to all 
adsorption sites through a single mechanism of the direct competition for the 
adsorption sites. But later, researchers found that other than the direct 
adsorption sites competition, pore blockage also took place in the trace organic 
compounds adsorption process (Carter and Weber, 1994; Newcombe et al., 
1997b). As mentioned before, the molecular weight of the HA used in 
experiment is about 4000, which is much bigger than the molecular weight of 
the trace compounds used in this study. Therefore, the pores in the activated 
carbon were more likely to get blocked by the macromolecule of HA, and the 
pore blockage could be a more crucial cause of the removal efficiency 
reduction despite of the direct adsorption sites competition. The time for PAC 
to reach equilibrium became faster than SPACs could also be explained by 
PACs particle size difference. Since the molecular width of E1, CBZ and DCF 
are only 5.7 Å, 6.06 Å and 5.95 Å, respectively (Drewes et al., 2005; 
Comerton et al., 2008), which is much smaller than the average pore diameter 
of PACs in Table 4.1 (D-SPAC 2.66 nm, W-SPAC 3.36 nm and PAC 3.03 
4 RESULTS AND DISCUSSIONS 
95 
 
nm). Since the particle size of SPACs reduced a lot after grinding, the 
possibility for micron organic compounds to diffuse into the inner micropores 
was still higher, although some pores were already blocked by the HA. 
Therefore, the PAC was almost reaching equilibrium after 3 h, while the 
capacity of SPAC had still not been fully used by then. In addition, the 
adsorption kinetics of D-SPAC was still faster than W-SPAC in this HA 
containing water, which is probably resulted from the higher micropore 
volume percentage of the D-SPAC than that of the W-SPAC.  
 
The kinetics results were also comparable with the former study on MIB and 
geosmin removal (Matsui et al., 2010a). Table 4.6 summarized the kinetics 
comparison of this study and the literature with a contact time of 60 minutes. 
In the literature, the PACs dosage in NOM containing water was at least 10 
times higher than that of the pure water, so the removal efficiency in NOM 
containing water was not suitable to be compared with the results in pure 
water. For the NOM effect investigation in this study, the PACs dosage was 
kept the same with that in pure water, and obvious decrease of the adsorption 
kinetics could be found in this HA containing water. Moreover, even though 
the SPACs dosage were 10 times less and the EDCs/PPCPs initial 
concentration was still 2000 times higher than that in the literature, the 
removal efficiency in 60 min was all above 40%. Therefore, this microporous 
SPAC was proved to be an excellent adsorbent with high adsorption kinetics 
for the EDCs/PPCPs removal. 




Figure 4.17 Adsorption kinetics of E1 in HA containing water. 
 
 
Figure 4.18 Adsorption kinetics of CBZ in HA containing water. 
 




Figure 4.19 Adsorption kinetics of DCF in HA containing water. 
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Table 4.6 Comparison of micro organic compounds adsorption with SPAC/PAC in both pure water and HA containing water
*
. 







by SPAC* (%) 
Removal efficiency 




by SPAC* (%) 
Removal efficiency 
by PAC (%) 
MIB 100 ng/L 10 90 67 1 59 26 
Geosmin 100 ng/L 10 98 91 0.6 48 10 
E1 200 µg/L 1 64.7 29.6 1 66.3 30.2 
CBZ 200 µg/L 1 44.6 16.3 1 53.5 23.8 
DCF 200 µg/L 1 42.6 17.7 1 50.0 23.0 
*
 SPAC in the above table indicates D-SPAC for the EDCs/PPCPs adsorption; the initial TOC of HA was 2.2 mg/L in this study, while the 
literature used lake water to simulate NOM but its concentration was not mentioned. 
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Pseudo-first order, pseudo-second order and intra-particle diffusion models 
were used to fit the experimental results. The parameters in these models were 
presented in Table 4.7. It is obvious that the adsorption of EDCs/PPCPs onto 
both SPACs and PAC in HA containing water obeyed pseudo-second order 
model with a higher coefficient relationship than pseudo-first order model. 
The R
2
 values for the pseudo-second order model were all above 0.97, and the 
fitting curves were presented in the small panel in Figure 4.17, Figure 4.18 and 
Figure 4.19. And also, the equilibrium EDCs/PPCPs uptakes calculated from 
the pseudo-second order equation were much closer to the experiment results 
than that of the pseudo-first order equation. For the intra-particle diffusion 
model, the liner fitting curves did not pass through the origin (data not shown), 
which indicate the intra-particle diffusion was not the only limiting 
mechanism in this adsorption process. It should be noted that the ki values for 
SPACs were always larger than that of the PAC, which indicates all 
adsorbates diffuse faster to SPACs than PAC. For example, the ki values for 
D-SPAC were 7.467, 4.538 and 4.489 μg·mg-1·min-1/2, while the ki values for 
PAC were 3.498, 2.640 and 2.265 μg·mg-1·min-1/2 for E1, CBZ and DCF, 
respectively. The intra-particle diffusion data of SPACs in the HA containing 
solution also showed a two-stages-linearity, but the first stage took longer time 
than that in pure water. The first step was within 2 h with instantaneous 
adsorption kinetics then followed by a gradual adsorption stage, and thus the ki 
values in Table 4.7 for SPACs were based on the kinetics results of the initial 
2 h.  
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Table 4.7 Kinetics parameters for the adsorption of EDCs/PPCPs in HA containing water. 



















D-SPAC 0.0170 76.33 0.962  0.0006 151.29 0.999  7.467 63.425 0.959 
W-SPAC 0.0135 65.08 0.938  0.0006 138.50 0.998  6.666 56.283 0.978 
PAC 0.0131 32.89 0.776  0.0011 69.78 0.997  3.498 25.293 0.894 
CBZ 
D-SPAC 0.0197 46.69 0.94  0.0010 98.04 0.999  4.538 44.829 0.786 
W-SPAC 0.0118 36.16 0.479  0.0011 99.30 0.996  4.819 41.984 0.743 
PAC 0.0112 37.62 0.916  0.0005 55.90 0.981  2.640 9.226 0.871 
DCF 
D-SPAC 0.0124 53.57 0.893  0.0006 103.09 0.996  4.489 37.370 0.810 
W-SPAC 0.0107 52.96 0.705  0.0004 91.24 0.992  4.225 22.857 0.834 
PAC 0.0092 30.34 0.578  0.0007 52.11 0.978  2.265 12.996 0.680 
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4.1.4.3 Adsorption isotherms of EDCs/PPCPs in HA containing water 
Adsorption isotherm experiments were also conducted with a PACs dose of 1 
mg/L with a wide range of concentrations of adsorbates in HA containing 
water. TOC of the HA solution was 2.2 mg/L and phosphate buffer was spiked 
to the solution. The experiments were also carried out at room temperature. 
 
Figure 4.20, Figure 4.21 and Figure 4.22 show the adsorption isotherms of E1, 
CBZ, and DCF, respectively. The experimental data were fitted with both 
linearized Langmuir and Freundlich isotherms and the results were provided in 
Table 4.8. It revealed that EDCs/PPCPs adsorption capacity was all negatively 
affected with the presence of HA. As proposed in last section, the decline was 
mainly resulted from the pore blockage effect by HA. An interesting but 
unexpected finding is that the maximum adsorption capacity of SPACs and 
PAC were still quite the same for E1 and CBZ in HA containing water. For 
instance, the maximum adsorption capacity of E1 was 269.54 μg/mg with D-
SPAC, and 268.82 μg/mg with PAC; while the maximum adsorption capacity 
of CBZ was 219.78 μg/mg with D-SPAC, and 213.22 μg/mg with PAC. It 
indicated that adsorption capacity of E1 and CBZ were reduced by a similar 
amount with the competition of HA. This result was in accordance with the 
literature on the NOM effect on geosmin and MIB adsorption (Matsui et al., 
2010a). Researchers reported that SPAC could improve the adsorption 
capacity for NOM adsorption (Matsui et al., 2004; Matsui et al., 2005). If we 
use the ideal adsorbed solution theory to model this multiple solute system, 
supposing each adsorption site on the adsorbent surface has the same 
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possibility for adsorption, the SPAC with higher NOM adsorption capacity 
should have a lower micro organic adsorption capacity. However, the results 
presented that the higher amount of NOM on SPAC and the lower amount of 
NOM on PAC posed the same competition to the E1 and CBZ adsorption 
capacity. Matsui et al. (Matsui et al., 2010a) referred this to the report that not 
all NOM competed with low molecular weight compounds for adsorption sites, 
and only a small portion of NOM reduced their adsorption (Newcombe et al., 
1997b), but the mechanism of NOM effect was not fully elucidated.  
 
Since it has been demonstrated that SPAC could improve the adsorption 
capacity of NOM, but did not have obvious effect on the micro molecular 
weight organic compound, like geosmin and MIB (Matsui et al., 2010a), the 
adsorbent particle size is more crucial to the adsorption capacity of the high 
molecular weight compounds. For the trace organic compounds, as their 
molecular sizes are quite small and also their concentrations are usually quite 
low, they diffuse much faster than NOM in water. Consequently, the adsorbent 
particle size may not have such important influence on the isotherm of trace 
level compounds. As the molecular weight of the HA was much higher than 
that of EDCs/PPCPs, the pores in the activated carbon were likely to get 
blocked by the macromolecule of HA. Hence, the pore blockage effect was 
more severe than the direct adsorption site competition on the decline of the 
adsorption capacity in HA containing water. Since the particle size of PAC 
was largely reduced after grinding, more outer surface of activated carbon was 
exposed to the bulk solution (Ando et al., 2010). Although SPAC took more 
NOM than PAC, the much smaller adsorbates may still possess a higher 
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possibility for the trace organic compounds to diffuse into its porous structure. 
As presented in the kinetics study for HA containing water, PAC reached 
equilibrium faster than that of in pure water, SPAC could still adsorb 
contaminant till 6 h, which also demonstrated that pore blockage occurred and 
micropore is more crucial for the adsorption of micro organic compounds. Yu 
et al. (2007) applied five kind of PACs with different raw materials, such as 
fruit shell-based, wood-based, and coal-based activated carbon, to study the 
adsorption of geosmin and MIB on the effect of surface characteristics of 
PACs. Their results also showed that the fruit shell-based carbon with larger 
micropore volumes could obtain the highest adsorption capacity compared 
with the wood-based and coal-based PACs. 
 
Furthermore, it should be noted that the maximum adsorption capacity 
reduction was the highest for the acidic compound DCF if compared with the 
neutral compounds of E1 and CBZ. For example, if compared with the 
adsorption capacity results in pure water, the maximum adsorption capacity 
with D-SPAC in HA containing water for E1, CBZ and DCF deceased by 
18.9%, 18.9% and 52.8%, respectively. The reason should be due to that both 
DCF and HA were negatively charged at pH 7. In addition, the maximum 
adsorption capacity of PAC showed a little higher than that of SPACs. The 
maximum adsorption capacity of PAC for DCF was 117.65 μg/mg, while for 
D-SPAC, it was 94.43 μg/mg, and for W-SPAC, it was 97.18 μg/mg. This 
phenomenon was also supposed to relate to the electrical properties of the 
adsorbents. The pzc value for D-SPAC, W-SPAC and PAC were evaluated to 
be 5.81, 6.37 and 6.96, respectively. Since D-SPAC could take more negative 
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charge at pH 7, it had the most severe adverse effect on the adsorption 
capacity of the negatively charged DCF; while the pzc of PAC was the highest, 
and it could reach a higher maximum adsorption capacity for DCF in the 
isotherm study.  
 
When fitting the experimental results with different isotherm modes, 
Langmuir model showed a better coherence with higher R
2
 (all lager than 0.96) 
than that of Freundlich model. The Langmuir fitting curves were also 
presented in Figure 4.20, Figure 4.21 and Figure 4.22. Therefore, the 
adsorption of EDCs/PPCPs with PACs in HA containing water could also be 
regarded as a process with monolayer coverage of adsorbate on a 
homogeneous adsorbent surface.  
 
Figure 4.20 Adsorption isotherm of E1 in HA containing water. 
 




Figure 4.21 Adsorption isotherm of CBZ in HA containing water. 
 
 
Figure 4.22 Adsorption isotherm of DCF in HA containing water. 
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Table 4.8 Isotherm parameters for the adsorption of EDCs/PPCPs in HA containing water. 
  Langmuir isotherm model  Freundlich isotherm model 
  qmax (μg/mg) B (L/μg) R
2




D-SPAC 269.54 0.090 0.999 0.155  68.03 0.247 0.835 
W-SPAC 252.53 0.070 0.999 0.190  62.87 0.244 0.924 
PAC 268.82 0.024 0.997 0.405  30.78 0.363 0.921 
CBZ 
D-SPAC 219.78 0.032 0.999 0.350  26.58 0.379 0.941 
W-SPAC 211.42 0.027 0.997 0.392  23.52 0.387 0.952 
PAC 213.22 0.019 0.991 0.482  19.49 0.405 0.980 
DCF 
D-SPAC 94.43 0.013 0.994 0.666  4.83 0.495 0.896 
W-SPAC 97.18 0.009 0.999 0.741  3.56 0.532 0.967 
PAC 117.65 0.004 0.968 0.858  1.27 0.700 0.963 
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Based on the results in above sections, SPAC produced by dry grinding 
method was demonstrated to have the better kinetics performance than that 
from wet grinding method in typical drinking water pH, and the maximum 
adsorption capacity of D-SPAC and W-SPAC was similar. Thus, the SPAC 
employed in the latter part of this study were all indicated as D-SPAC. 
 
4.1.5 Effect of initial pH on EDCs/PPCPs adsorption 
To evaluate the effect of pH on the EDCs/PPCPs adsorption, batch adsorption 
experiments were carried out at different initial pH values ranging from 2 to 
11 referring to the LC detection recommended pH range. The initial 
concentration of the EDCs/PPCPs was 200 μg/L, and the PACs dosage was 1 
mg/L. Since the pKa value of CBZ is 13.9 and its uptake did not have obvious 
change within the pH range of 2 to 11, the results of pH effect on CBZ was not 
included in this section. 
 
Figure 4.23 and Figure 4.24 present the initial pH effect on E1 and DCF 
adsorption. It can be seen that the adsorption of EDCs/PPCPs on PACs was 
strongly pH dependent. And also, it revealed that for the EDCs/PPCPs with a 
relatively low initial concentration, SPAC performed much better on the 
contaminant uptakes than PAC since both of the adsorbents did not reach the 
maximum capacity with this low initial concentration. Additionally, SPAC 
was proved to have a better affinity with EDCs/PPCPs than PAC. 
 
4 RESULTS AND DISCUSSIONS 
108 
 
From Figure 4.23, it can be found that the E1 uptake kept relatively stable 
within the pH range from 2 to 10, when the pH went up beyond 10 to 11, the 
adsorption capacity however decreased. The pKa value of E1 was 10.4, and it 
presented as neutral compounds from pH 2 to pH 10; when pH was larger than 
10.4, it began to possess negative charge. As the pzc of SPAC and PAC were 
all below 7, which means that the PACs were also negatively charged at pH 11. 
Hence, E1 became more difficult to be attached on the PAC surface at pH 11 
because of electrostatic repulsion effect. 
 
Figure 4.24 showed the DCF adsorption capacity variation with different 
initial pH. It can be found that in the acidic condition (pH < 4), the DCF 
uptake was the highest. This result should be due to that the DCF was in the 
neutral form when the bulk solution pH was below its pKa of 4.15. The PACs 
were also uncharged within that pH range. The DCF mostly existed as neutral 
diclofenac (not diclfenac sodium), so the solubility of DCF also decreased. 
This hydropbobic compound was quite easy to be adsorbed on the 
hydropbobic surface of PACs. From pH 4 to 7, the adsorption of DCF 
declined rapidly, and from pH 7 to 11, the decline became very slow. When 
the solution initial pH was higher than 4, the DCF began to dissociate, the 
solubility became bigger. The negative charge made it more difficult to be 
removed. When the pH came to above 7, which was bigger than pzc of the 
PACs, the adsorbents would have negative charge so the DCF uptake 
decreased further. However, the decreasing rate was not that big than the 
phase of pH 4 to pH 7. It could be due to that from pH 4.15, the majority of 
DCF was already presented as the ionic form. The adsorption capacity already 
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became very low and the charge on the adsorbents would not affect the 
adsorption performance that severely compared with the dissociation form of 
the adsorbate.  
 
Xiong et al. (2010) examined the pH effect on the DCF removal with multi-
walled carbon nanotubes (MWCNTs). For the low pH range, their results were 
not in accordance with this study. They found the DCF removal at pH 1 and 
pH 3 were quite low, and the DCF removal rate was only around 30%; from 
pH 3 to pH 6, the DCF removal rate increased dramatically from 35% to 95%. 
They supposed that abundant H3O
+
 could exist when the solution pH was quite 
low, while the π bond on the MWCNTs was rich in electronics, so the 
MWCNTs could adsorb the H3O
+
 and possess positive charge on the 
MWCNTs surface. Meanwhile, they believed that when pH was below 3, DCF 
was in neutral form and the carboxyl group was also likely to take positive 
charge with the effect of H3O
+
. For the pH of above 6, they also considered all 
the DCF were in the ionic form, and the increasing OH
-
 would ionize the 
carboxyl group on the MWCNTs, resulting in a rapid decline on the 
adsorption since both the adsorbent and adsorbate are negatively charged. 
 
The results showed that the pKa values of the EDCs/PPCPs took a very crucial 
role on the pH effect on the adsorption capacity. If the bulk solution pH was 
below their pKa, the adsorption affinity toward adsorbents increased 
significantly, whereas the adsorption affinity dropped sharply at the pH above 
the pKa values. Besides the pKa, the pzc of the adsorbents would also affect 
the adsorption performance. 




Figure 4.23 Effect of initial pH effect on E1 adsorption. 
 
 
Figure 4.24 Effect of initial pH effect on DCF adsorption. 
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4.2 Competitive adsorption mechanisms study of E1 
and NOM 
4.2.1 Introduction 
Since the concentration of NOM in natural aquatic environment is often 
several orders magnitude lager than the concentration of EDCs/PPCPs, and it 
has also a good affinity with various adsorbents, the influence of NOM on the 
adsorption of these micro pollutants is inevitable. Furthermore, it had been 
proved that the presence of NOM would have adverse effect on the 
EDCs/PPCPs adsorption as presented in last section. Although the isotherm 
studies showed that the maximum adsorption capacity for these three 
EDCs/PPCPs was the same with SPACs and PAC, the NOM competition 
mechanism still need to be comprehensively examined further. In this part, the 
mechanism of NOM effect on E1 removal was provided from different NOM 
aspects, like concentration, molecular weight and hydrophobicity.  
 
4.2.2 Effect of NOM concentration 
In this part, the E1 removal performance was evaluated with different NOM 
concentrations. E1 solutions with concentration gradient were prepared in the 
HA containing water. Four sets of HA concentration were employed in this 
experiment, namely 0.9 mg/L, 2.2 mg/L, 4.5 mg/L and 9 mg/L, and the 
experiment was also performed in pure water (meaning that the HA 
concentration was 0 mg/L) which served as a background. Phosphate buffer 
solution was added and the PAC dosage was 1 mg/L.  




Figure 4.25, Figure 4.26, Figure 4.27 and Figure 4.28 shows the effect of HA 
on E1 uptake with both SPAC and PAC in different HA concentrations. The 
parameters in Langmuir and Freundlich models were summarized in Table 4.9. 
It can be found that the maximum adsorption capacity for all of these four 
conditions decreased compared with that in pure water. The reason could be 
due to the pore blockage effect, and the NOM could compete with E1 for the 
adsorption sites as well. As shown in Table 4.8, it had been observed that the 
maximum adsorption capacity of E1with both SPAC and PAC were quite the 
same for all HA concentrations. However, as researchers showed that SPAC 
possesses a better adsorption capacity on NOM removal than PAC (Matsui et 
al., 2004), the result that both SPAC and PAC could achieve the same 
maximum adsorption capacity on E1 in NOM containing water meant that 
even SPAC adsorbed more NOM than PAC, it did not affect its adsorption 
capacity on E1. In Section 4.1.4.3, it had been proposed that pore blockage 
could play a more important role in the reduction of E1 adsorption than the 
direct adsorption sites competition. Since the molecular size of E1 is only 5.7 
× 11.4 Å (Comerton et al., 2008), which is much smaller than the average pore 
diameter of the PACs, although SPAC took up much more NOM than PAC, 
E1 still had more possibilities to diffuse into the internal porous structure of 
SPAC as more outer surface area was exposed to it. Ando et al. (2010) also 
declared that the NOM with UV-adsorbing property tended to be adsorbed 
mostly on the external surface of the activated particle. In this study, the E1 
maximum adsorption capacity with SPAC and PAC was always similar for all 
these four different HA initial concentration conditions. Since SPAC had a 
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better adsorption capacity on NOM than PAC, the difference of NOM 
adsorbed on SPAC and PAC surfaces was supposed to be bigger when HA 
concentration became higher, which meant SPAC could adsorb more NOM as 
the NOM initial concentration increased than that PAC. However, even though 
SPAC adsorbed more NOM with high HA initial concentration, SPAC could 
still provide the same maximum adsorption capacity for this trace organic 
compound E1 as PAC. Thus, this finding was also a strong evidence for the 
hypothesis that the internal micropores were more crucial for E1 adsorption. 
 
On the other hand, if comparing the adsorption capacity of E1 with different 
HA concentration, it revealed that the maximum adsorption capacities of E1 in 
0.9 mg/L and 2.2 mg/L HA containing water were almost the same. For 
example, the maximum adsorption capacity by SPAC was 260.42 μg/mg in 
0.9 mg/L HA containing water and 262.47 μg/mg in 2.2 mg/L HA containing 
water. Nevertheless, when the HA concentration increased from 2.2 mg/L to 
4.5 mg/L and 9 mg/L, the adsorption capacity dramatically declined. The 
maximum adsorption capacity for E1 were only 206.61 μg/mg and 185.19 
μg/mg in 4.5 mg/L HA containing water and in 9 mg/L HA containing water, 
respectively. The phenomenon presented that the increasing of HA 
concentration from 0.9 mg/L to 2.2 mg/L did not have much effect on E1 
adsorption. However, when the HA concentration increased from 2.2 mg/L to 
4.5 mg/L and 9 mg/L, the decline became more severe with the increasing of 
HA concentration. Reports also showed that when pore blockage occurred, it 
would reduce the adsorption capacity and the internal diffusion of the trace 
organic adsorption into the pores, especially when the NOM loading was high 
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(Carter et al., 1992; Carter and Weber, 1994; Kilduff et al., 1998a; Kilduff et 
al., 1998b). Matsui et al. (2003) used coal-based PAC to study the NOM 
competition mechanism on three trace contaminants, namely simazine, 
simetryn and asulam. They found even though NOM had severe effect on the 
adsorptive capacity of PAC, the effect on the internal diffusion coefficient was 
quite slight when the NOM loading was less than 100 mg TOC/g. Ding et al. 
(2006) quantitatively examined the NOM loading effect on atrazine using 
PAC in two type of ground water with concentrations of 2.6 mg/L and 7.6 
mg/L. They sorted the NOM as two fractions: strongly competing and pore 
blocking fractions. The strongly competing fraction was assumed to own a 
same molecular weight, adsorption properties, and also the Freundlich 
constant, as those of the trace organic compounds. They used a model and 
reported that 38.3 mg/g and 79.9 mg/g were the critical loading values where 
the pore blockage effect began to occur. In this study, the raw material of PAC 
was not the same as in those literatures, and the molecular weight of HA is 
mainly in the macromolecular weight range. However, we may also suppose 
that the NOM effect with different HA concentrations contained two different 
mechanisms. In the low HA concentration range, like from 0 to 2.2 mg/L, the 
NOM loading was also relatively low. It can be imagined that the adsorption 
sites for NOM on the outer surface of PAC was on the stage of being taken up 
and severe pore blockage effect had not occurred at this stage, Therefore, the 
internal diffusion for E1 was quite the same, and the maximum adsorption 
capacity of E1 in 0.9 mg/L and in 2.2 mg/L HA containing water was similar. 
From 2.2 mg/L to 9 mg/L, as the NOM concentration increased, the NOM on 
the PACs surface became more, pore blockage began to occur, and the internal 
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diffusion rate of E1 decreased, which resulted in the reduction of the 
maximum adsorption capacity of E1. Additionally, it should be noted that in 
the equilibrium range of E1 with low initial concentrations, where the initial 
concentration of E1 was far less than the maximum adsorption capacity of the 
PACs, the E1 uptake in 0.9 mg/L HA containing water was higher than that in 
the 2.2 mg/L, which meant that the diffusion coefficient of E1 could still be 
high in relatively low HA concentration containing water if the E1 added was 
much less than its maximum adsorption capacity.  
 
The Langmuir model and the Freundlich model were also applied to fit the 
experiment results, and the parameters in these models were summarized in 
Table 4.9. It showed that the Langmuir model could represent these adsorption 
processes better than the Frundlich model with higher R
2
 values (all lager than 
0.99), and the fitting curves were also included in the isotherm figures. Hence, 
the adsorption of E1 by PACs in HA containing water with different 
concentrations could also be considered as a monolayer coverage process with 
homogeneous adsorbents. 




Figure 4.25 Adsorption isotherm of E1 in 0.9 mg/L HA containing water. 
 
 
Figure 4.26 Adsorption isotherm of E1 in 2.2mg/L HA containing water. 
 




Figure 4.27 Adsorption isotherm of E1 in 4.5 mg/L HA containing water. 
 
 
Figure 4.28 Adsorption isotherm of E1 in 9 mg/L HA containing water. 
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Table 4.9 Isotherm parameters for E1 adsorption with different HA concentrations
*
. 
  Langmuir isotherm model  Freundlich isotherm model 
  qmax (μg/mg) b (L/μg) R
2




SPAC 332.23 0.243 0.999 0.070  146.50 0.156 0.907 
PAC 327.87 0.043 0.996 0.299  45.15 0.368 0.894 
HA = 0.9 mg/L 
SPAC 260.42 0.212 0.997 0.091  155.93 0.086 0.992 
PAC 255.10 0.118 0.999 0.152  84.82 0.193 0.935 
HA = 2.2 mg/L 
SPAC 262.47 0.149 0.997 0.117  123.08 0.132 0.983 
PAC 266.67 0.057 0.993 0.258  59.45 0.265 0.963 
HA = 4.5 mg/L 
SPAC 206.61 0.351 0.999 0.051  123.95 0.097 0.955 
PAC 212.31 0.064 0.994 0.225  54.36 0.249 0.990 
HA = 9 mg/L 
SPAC 185.19 0.131 0.992 0.161  73.68 0.173 0.961 
PAC 184.50 0.043 0.993 0.371  26.23 0.362 0.970 
*
 In the above table, DIW meant deionized water, which represented for the condition in pure water. 
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4.2.3 Effect of NOM molecular weight 
As we all known, the composition of NOM is very complex and its molecular 
size distribution covers a wide range. In general, NOM is admitted to be 
comprised of relatively small-size parts, like the amino acids, which has 
similar molecular size as common trace organic compounds, and large-size 
part, such as protein and nucleic acids. The adsorption competition mechanism 
of E1 and NOM with different molecular weight may also differ from each 
other. In this study, PSS 210, 1400, 13 K and 77 K were used as the model 
compounds to simulate NOM with different molecular weight. E1 solutions 
with different initial concentration were prepared in the PSS containing water 
with a concentration of 5 mg/L, and the isotherm study in pure water was 
performed as a background. The PACs dosage was 1 mg/L. Phosphate buffer 
solution was used to maintain the pH at neutral range. 
 
Figure 4.30, Figure 4.31, Figure 4.32 and Figure 4.33 showed the adsorption 
capacity of both SPAC and PAC in the presence of each model compound 
together with E1. Both Langmuir and Freundlich were applied to fit the results 
and the parameters estimated by nonlinear regression were summarized in 
Table 4.10. It can be found that when NOM existed, the E1 adsorption 
capacity with both PACs was decreased for all these four types of PSS. 
However, it should be noted that when PSS was used as the model compound, 
the maximum adsorption capacity of SPAC was obviously bigger than that of 
PAC, indicating a less adverse effect from competition of model compounds 
to the adsorption of E1 with SPAC than PAC. The reason could be due to the 
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abundant existence of sodium ions. Figure 4.29 presented the structure of the 
PSS. As the PSS concentration was 5 mg/L, there would be plenty of Na
+
 in 
the solutions. Since the pzc of SPAC and PAC were 5.81and 6.96, respectively, 
SPAC could take some negative charge, while PAC could be just uncharged in 
the neutral pH range. The abundance of cations may neutralize the negative 
charge on the SPAC surface, leading to a better adsorption capacity than PAC.  
 
Amongst these four outcomes, it can be found that the E1 adsorption capacity 
declined most severely with the presence of PSS 210. The maximum 
adsorption capacities of E1 were only 169.49 µg/mg with SPAC and 149.48 
µg/mg with PAC. The adsorption capacity with SPAC in the presence of PSS 
1400, 13 K and 77 K were quite the same, and the maximum adsorption 
capacities were 202.43 µg/mg, 200.40 µg/mg and 207.47 µg/mg, respectively; 
while the maximum adsorption capacity of E1 with PAC in the presence of 
PSS 1400, 13 K and 77 K were 163.40 µg/mg, 134.41 µg/mg and 165.56 
µg/mg, respectively. Thus, the adsorption capacity with PAC in PSS 13 K 
containing water performed the worst. 
 
The hydrodynamic diameters of each model compound can be deduced from 
literatures: 0.3 nm (PSS 210), 1 nm (PSS 1400), 4 nm (PSS 13K) and 10 nm 
(PSS 77K) (Yoshimura et al., 2004; Böhme and Scheler, 2007). In addition, 
the molecular width of E1 was 0.57 nm (Comerton et al., 2008). Li et al. (2003) 
proposed the adverse effect of NOM on adsorption of trace organic compound 
with PAC mainly resulted from these two mechanisms. In the experiment of 
with PSS 210 presence, even though its molecular diameter is a bit less than 
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that of E1, both of them could be absorbed in primary micropores (< 0.8 nm), 
which meant that the PSS could access to the pores where E1 being adsorbed, 
hence there would be a strong competition between PSS 210 and E1, and the 
direct competition for adsorption sites between E1 and PSS 210 could be the 
dominant mechanism for the adsorption reduction. As a result, both SPAC and 
PAC showed a much lower adsorption capacity than that in pure water as 
shown in Figure 4.30. In the study of NOM effect on trace organic removal by 
PAC, other researchers who applied natural water to represent NOM also 
supposed that in natural water there was a fraction of NOM with similar 
molecular weight as the trace organic compounds, and competing with the 
adsorption sites (Li et al., 2003; Ding et al., 2006). As the molecular diameter 
of PSS 1400 was around 1 nm, which was bigger than the primary micropore 
but smaller than secondary micropores (0.8-2 nm), the reduction of adsorption 
capacity for E1 with PSS 1400 presentence was supposed to be resulted from 
both the adsorption sites competition and the pore blockage effect. In case of 
PSS 13 K and PSS 77 K, with the molecular diameter about 4 nm and 10 nm, 
respectively, the adsorption capacity decline mainly came from the pore 
blockage effect since both of their molecular diameters were larger than the 
mesopores (2-50 nm). It should be noted that the adsorption capacity of PSS 
1400, 13 K and 77 K was similar. As presented in previous sections, even 
though SPAC took more NOM than PAC, the possibility for E1 to diffuse into 
the inner micropores was higher than PAC. Therefore, they could achieve the 
same adsorption capacity. The adsorption capacity of E1 in the presence of 
PSS 13 K with PAC presented to be the lowest among all conditions. It could 
be due to that PAC showed a narrower mesopore distribution peak ranging 
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from 3.3-4.3 nm, referring to Figure 4.4. The molecular diameter of PSS 13 K 
was exactly similar with this pore size range. Hence, we may suppose that the 
pore blockage effect was susceptible to occur in this condition, and the pore 
blockage effect would be the most severe if the molecular diameter of 
contaminants was similar with the width of the pore. As the NOM blocked this 
portion of the mesopores, its adsorption capacity was presented as the lowest. 
There was also some records on the phenomenon about that a so-called 
restricted diffusion or configurational diffusion may occur when the molecular 
size of adsorbate was close to the pore size of adsorbent (McCusker et al., 
1985). However, it should be pointed out that although SPAC also showed a 
small pore distribution peak in the range of 3.3-4.9 nm，the adsorption in the 
presence of PSS 13 K was still similar with that in the presence of PSS 1400 
and PSS 77 K. This phenomenon revealed that although mesopores with 
certain range on the SPAC surface were also severely blocked by NOM, the 
much smaller particle size could also provide more favorable chance for the 
E1 to diffuse into the inner micropores. It was in accordance with the 
hypothesis that micropores were more crucial for micro organic adsorption. 
 
As in all conditions, the adsorption capacity with SPAC was better than that of 
PAC. If comparing the maximum adsorption capacity for them separately, it 
showed that the maximum adsorption for E1 with SPAC was 1.13, 1.24, 1.49 
and1.25 times bigger than that of PAC in the presence of PSS 210, PSS 1400, 
PSS 13 K and PSS 77 K, respectively. It can be concluded that if the 
molecular distribution of NOM was mainly in the low molecular range, its 
adverse effect on the adsorption capacity could be most severe; while if the 
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NOM were mostly macromolecules, SPAC could perform even better 
compared with the NOM in low molecular range. In addition, it also 
represented that the direct adsorption sites competition by NOM with small 
molecular weight would pose more adverse effect on the adsorption of micro 
organic compounds comparing with the pore blockage effect by NOM with 
macromolecules. 
 
The experiments results were fitted with Langmuir model and the Freundlich 
model, and the parameters in these models were presented in Table 4.10. The 
Langmuir model, with higher R
2
 (all bigger than 0.98), showed a better 
simulation than Freundlich model under all experimental conditions, 
indicating that the adsorption of E1 by PACs in PSS containing water was also 
a monolayer coverage process. 
 
Figure 4.29 Structures and abbreviations of PSS. 
 
 




Figure 4.30 Adsorption isotherm of E1 in PSS 210 containing water. 
 
 
Figure 4.31 Adsorption isotherm of E1 in PSS 1400 containing water. 
 
 




Figure 4.32 Adsorption isotherm of E1 in PSS 13 K containing water. 
 
 
Figure 4.33 Adsorption isotherm of E1 in PSS 77 K containing water. 
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Table 4.10 Isotherm parameters for E1 adsorption with NOM with different molecular weight. 
  Langmuir isotherm model  Freundlich isotherm model 
  qmax (μg/mg) b (L/μg) R
2




SPAC 332.23 0.243 0.999 0.070  146.50 0.156 0.907 
PAC 327.87 0.043 0.996 0.299  45.15 0.368 0.894 
PSS 210 
SPAC 169.49 1.788 0.997 0.014  154.93 0.018 0.259 
PAC 149.48 0.066 0.985 0.282  25.62 0.340 0.927 
PSS 1400 
SPAC 202.43 4.617 0.996 0.006  165.36 0.052 0.816 
PAC 163.40 0.218 0.989 0.106  69.71 0.170 0.92 
PSS 13 K 
SPAC 200.40 24.950 0.997 0.001  152.05 0.065 0.535 
PAC 134.41 0.119 0.987 0.196  40.39 0.236 0.85 
PSS 77 K 
SPAC 207.47 1.004 0.999 0.029  157.87 0.054 0.948 
PAC 165.56 0.083 0.984 0.262  44.76 0.246 0.959 
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4.2.4 Effect of NOM hydrophobicity 
In this part, the NOM effect on the adsorption performance with both SPAC 
and PAC was investigated with different NOM hydrophobicity. Natural water 
was obtained from a local lake and it was separated into three fractions, 
namely hydrophobic, transphilic and hydrophilic, using XAD-4 and XAD-8 
resin. E1 with different concentrations of a wide range was prepared in the 
NOM containing water with different hydrophobicity. The NOM 
concentration was adjusted to 2.2 mg/L, and the PACs dosage was 1mg/L. 
 
Table 4.11 summarized the characteristics of the lake water (LW) and all the 
values were detected after filtration with 0.45 µm filter paper. The TOC of the 
lake water (including NOM of different fractions) was adjusted to 2.2 mg/L 
with ultra-pure water and the adsorption isotherm of E1 in the hydrophobic, 
transphilic and hydrophilic fraction containing water was shown in Figure 
4.34. Figure 4.35, Figure 4.36 and Figure 4.37. 
Table 4.11 Characteristics of the lake water
*
. 
Specification Value  Specification Value (mg/L) 
Turbidity 4.017 NTU  NO3
-
 0.7 mg/L 
pH 7.989  SO4
2-
 14.4 mg/L 
Conductivity 182.2 µS/cm  Na+ 10.5 mg/L 
TOC 4.017 mg/L  K+ 3.0 mg/L 
TN 0.461 mg/L  Mg2+ 0.5 mg/L 
Cl- 17.9 mg/L  Ca2+ 16.7 mg/L 
*
 All the parameters in the above table were obtained after filtration. 
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It can be noted that the adsorption capacity for E1 decreased with the addition 
of NOM compared with the adsorption isotherm in pure water, and the 
decreasing with lake water was the biggest. That could be due to that some 
components other than the NOM in lake water also posed negative effects on 
adsorption. Although there is also plenty of Na
+
 in lake water, but the 
maximum adsorption capacity of E1 in the lake water was almost similar and 
even a little lower than that of PAC. For example, the maximum adsorption 
capacity for E1 with SPAC was 196.85 µg/mg and the 212.77 µg/mg with 
PAC. However, SPAC was supposed to have better adsorption capacity than 
that of PAC in last section for the abundant existed of Na
+
 neutralized the 
negative charge on the SPAC surface. This should be due to the inorganic ions 
in the lake water were much more complex than the PSS solution which had 
only one kind of inorganic cation (Na
+
). Additionally, the maximum 
adsorption capacity in water with these three NOM fraction all showed a litter 
lower adsorption capacity than that of PAC. For instance, the maximum 
adsorption capacities with SPAC were 305.81 µg/mg, 299.40 µg/mg, and 
231.48 µg/mg in the hydrophobic fraction, trancphilic fraction and the 
hydrophobic fraction containing water, while 326.80 µg/mg, 308.64 µg/mg 
and 242.13 µg/mg for PAC, respectively. This is probably due to that the 
molecular weight of each fraction of NOM varies with a wide range. The 
NOM of low molecular portion might compete with E1 with the adsorption 
sites directly, and the NOM with large molecular weight could block the pores. 
In Section 4.2.2 and Section 4.2.3, the NOM molecular distribution was with a 
relatively narrower range than that of this experiment. As presented previously, 
if the pores were blocked with large molecular NOM, the micro organic could 
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still diffuse into the micropores of SPAC more easily than PAC even though 
SPAC was already loaded with more NOM than PAC, which made the SPAC 
still maintain the same adsorption capacity as that of PAC. However, in this 
part of experiments, the pores were blocked with the large molecular NOM, 
and the micropores was also taken by some low molecular NOM. Therefore, 
as the adsorption capacity for NOM with SPAC was larger than PAC, which 
means SPAC already adsorbed more NOM than PAC, the adsorption capacity 
of E1 turned to be a little lower than that of PAC consequently. 
 
If comparing the effect of NOM with different hydrophobicity on the 
adsorption capacity of E1, the E1 uptake in hydrophobic fraction solution was 
higher than in transphilic fraction, and the adsorption of E1 in hydrophilic 
fraction was the lowest. These findings were very interesting because if no E1 
was included in the adsorption process, hydrophobic matters were supposed to 
own a higher adsorption capacity than the hydrophilic fraction since it had a 
better affinity with the hydrophobic surface of adsorbents, then it just could 
adsorb less E1 if the adsorption site was finite. However, the results appeared 
opposite. E1 adsorption capacity in the hydrophobic solutions performed the 
best and in the hydrophilic solutions it was the lowest. It could be resulted 
from that E1 may form hydrogen binding with the hydrophobic fraction easier 
than with the transphilic and hydrophilic fractions. Referring to the component 
of each fraction, the hydrophobic fraction was mainly consisted of the fulvic 
acids, humic acids and hydrophobic neutrals, transphilic fraction mainly 
contained the hydrophilic acids, and the hydrophilic fraction was mainly 
recognized as the hydrophilic neutrals and bases (Leenheer, 1981; Aiken et al., 
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1992; Malcolm and MacCarthy, 1992). As to the structure of E1, it possesses 
one benzene ring. Therefore, the phenolic hydroxyl in E1 may combine with 
the -OH groups in the hydrophobic fraction, facilitating the formation of 
hydrogen bonding between E1 and NOM. Therefore, as the hydrophobic 
fraction was adsorbed more on the activated carbon surface, more E1would be 
adsorbed more together with the hydrophobic fraction of NOM. The finding 
was in accordance with the previous study (Yu et al., 2009). In their study, 
they examined the adsorption capacity of three EDCs/PPCPs, namely 
naproxen, carbamazepine and nonylphenol, with preloading NOM by GAC. 
They found that the adsorption capacity reduction was the lowest for the most 
hydrophobic compound nonylphenol. It was supposed that the high Kow value 
of nonylphenol may provide it a greater tendency to partition onto the 
deposited NOM. 
 
Langmuir and Freundlich model were applied to fit the isotherm results, and 
the parameters in the models were shown in Table 4.12. The Langmuir model 
was found to be more suitable to describe the E1 adsorption process with both 
SPAC and PAC in natural source water with higher R
2
 values (all bigger than 
0.97) compared with the Freundlich model (all above 0.89), which means the 
adsorption of E1 in natural source water was also a monolayer coverage 
process. 




Figure 4.34 Adsorption isotherm of E1 in lake water. 
 
 
Figure 4.35 Adsorption isotherm of E1 in hydrophobic fraction containing 
water. 
 








Figure 4.37 Adsorption isotherm of E1 in hydrophilic fraction containing 
water. 
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Table 4.12 Isotherm parameters for E1 adsorption with NOM with different hydrophobicity. 
  Langmuir isotherm model  Freundlich isotherm model 
  qmax (μg/mg) b (L/μg) R
2




SPAC 332.23 0.243 0.999 0.070  146.50 0.156 0.907 
PAC 327.87 0.043 0.996 0.299  45.15 0.368 0.894 
hydrophobic 
SPAC 305.81 0.108 0.994 0.108  95.36 0.212 0.949 
PAC 326.80 0.020 0.992 0.391  29.31 0.409 0.981 
transphilic 
SPAC 299.40 0.105 0.993 0.148  85.34 0.232 0.893 
PAC 308.64 0.020 0.979 0.478  25.76 0.413 0.975 
hydrophilic 
SPAC 231.48 0.069 0.998 0.208  49.94 0.281 0.969 
PAC 242.13 0.025 0.996 0.417  22.30 0.420 0.958 
LW 
SPAC 196.85 0.080 0.999 0.195  53.81 0.234 0.946 
PAC 212.77 0.017 0.990 0.538  19.70 0.390 0.984 
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4.3 Removal of DCF by PACs-UF hybrid process 
4.3.1 Introduction 
In this part, a hybrid PACs-UF process was established. As DCF had been 
proved to be the most difficult compound to be removed in the former part, it 
was chosen as the target compound in this section. The feasibility of this 
PACs-UF process for DCF removal was inspected from different solution 
chemistry effects, like the pH and ionic strength, in single-organic solution 
and then HA containing solution. After that, the removal performance of DCF 
in natural source water by this PACs-UF hybrid system was also studied. 
 
4.3.2 Characterization of the UF membrane 
The membrane employed in this study was made from polyethersulfone (PES). 
The MWCO given by the supplier was 100 KDa.  
 
Figure 4.38 showed the morphology of the fresh membrane obtained from 
SEM, including the top surface image, cross section image and the bottom 
surface. It can be found that the membrane was formed up with a thin selective 
layer on the top and a substantial support layer on the bottom, and the top 
surface of the UF membrane was very homogeneous and microporous. 




Figure 4.38 SEM images of fresh UF membrane: (a) top surface; (b) cross 
section; and (c) bottom surface. 
 
The zeta potential of the UF membrane was measured in order to get the 
surface charge information of the membrane at different pH values. As seen 
from Figure 4.39, the UF membrane was negatively charged over the entire 
pH range studied and the absolute values decreased towards acidic pH range. 
This result was the same as reported by Susanto and Ulbricht (2005). The 
negative charge of the membrane is hardly to be attributed to the dissociation 
of the surface functional groups since PES membrane only has sulfonic group 
as shown in Figure 4.40, which could not be protonated below pH 7. Thus, the 
negative charge was probably caused by the adsorption of anions, especially 
hydroxide ions from water (Susanto and Ulbricht, 2005). 




Figure 4.39 Zeta potential of UF membrane in KCl solution. 
 
 
Figure 4.40 Polyethersulfone (PES). 
 
The functional group on membrane surface was characterized by ATR-FTIR, 
as shown in Figure 4.41. Peaks at 1578 and 1485 cm
-1
 were attributed to the 
stretching vibration of aromatic bands from the benzene ring and C=C bond. 
The absorption at 1240 cm
-1
 indicated the existence of aromatic ether band in 
the membrane. These typical PES peaks were the same as reported by other 
studies (Belfer et al., 2000; Rabiller-Baudry et al., 2002; Susanto and Ulbricht, 
2005). 




Figure 4.41 ATR-FTIR spectrum of PES UF membrane. 
 
The contact angle was measured right after the deposition in order to avoid the 
liquid drop spreading resulting from surface capillary forces (Schafer et al., 
2004). The UF membrane employed in this study was found to be moderately 
hydrophobic, and the contact angle was around 50-55°. 
 
4.3.3 Removal of DCF in single-organic solution by PACs-UF 
hybrid system 
4.3.3.1 Removal of DCF by PACs-UF hybrid system in pure water 
The membrane was placed into the bottom of a 200 mL stirred cell. The initial 
concentration of DCF was 100 µg/L. The filtration duration was 4 h and the 
flow rate was maintained at 3 mL/min. 1 mg PACs was dosed into the stirred 
cell in the slurry form by the pulse input method, corresponding to an 
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equivalent dose of around 1.4 mg/L of the treated solution. Phosphate buffer 
was added to keep pH of the solution within the neutral range. The experiment 
was carried out at room temperature.  
 
Before starting the experiment, control test was performed by circulating 
single DCF solution in the stirred cell system without inserting UF membrane. 
The decreasing DCF concentration was found to be less than 5% (data not 
shown), which indicated the adsorption of DCF on the experimental apparatus 
(e.g., stirred cell, feed tank and pipes, etc.) could be neglected. 
 
The removal of DCF was carried out in pure water at neutral condition by 
three different processes, namely UF alone, PAC-UF and SPAC-UF. Figure 
4.42 illustrated the DCF removal efficiency as a function of time by 
membrane system with and without PACs. 
 
Figure 4.42 DCF removal by PACs-UF system in pure water. 
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When only UF membrane was used, about 60% of DCF was rejected by the 
UF membrane in the first 5 min, but the rejection was dramatically decreased 
to 7.4% within 40 min. After 40 min, the removal efficiency dropped nearly to 
zero. It is generally believed that the membrane separation mechanisms are 
usually attributed to size/steric exclusion, hydrophobic adsorption, and 
electrostatic repulsion. The zeta potential of DCF and the membrane are both 
negative at pH 7, so it should have repulsive force between DCF and the UF 
membrane. Moreover, DCF belongs to small molecule and its molecular 
weight is only 318.13, which is much smaller than the MWCO of 100 KDa, so 
it is impossible for the UF membrane alone to remove DCF by size exclusion. 
Therefore, the DCF removal is probably resulted from 
aromaticity/hydrophobicity interactions between the polar trace organic DCF 
and membrane within 40 min. After the membrane adsorption reached the 
equilibrium, there was little removal efficiency from 40 min onwards. 
 
Comparing with UF membrane alone, the removal efficiency of DCF by two 
hybrid systems of PAC-UF and SPAC-UF were largely enhanced due to the 
addition of PAC/SPAC, and the improvement of SPAC was greater than that 
of PAC. In the first 30 min, the removal efficiency was both higher than 50%. 
A comparison of PAC-UF and SPAC-UF performance revealed that SPAC 
had higher DCF retention capacity in the time range studied. The removal 
efficiency of DCF was 64.8% and 48.1% for SPAC and PAC, respectively, at 
60min. This result was consistent with the batch adsorption study in Section 
4.1.3. Due to the limitation of the apparatus, adsorbents were added to the 
stirred cell by pulse input method at the beginning of the experiment. 
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Consequently, the removal efficiency decreased as the PACs adsorption 
capacity gradually reached equilibrium as time passed by. 
 
4.3.3.2 Effect of pH on DCF removal by PACs-UF hybrid system in pure 
water 
pH is expected to play an important role in DCF removal since it can affect the 
chemical dissociation of the compounds as well as the charge characteristics 
of PACs and membrane. Thus DCF removal was observed at different pH 
values, namely pH 4, pH 7 and pH 10, in PACs-UF hybrid system. As seen in 
Figure 4.43 and Figure 4.44, the highest DCF removal efficiency was achieved 
at pH 4, especially for SPAC, it was always under the detection limit within 
the whole experiment duration of 4 h. The removal efficiency decreased with 
the increasing pH values. For example, the DCF removal efficiency with the 
SPAC-UF system was 100%, 64.8% and 56.9% at pH 4, 7 and 10, respectively, 
in 60min. The phenomenon was because the pKa value of DCF was 4.15, the 
solubility of DCF decreased and the neutral form of DCF presented as the 
dominant species in solution at pH 4, which made it much easier to be 
adsorbed. The DCF molecules were dissociated and negatively charged at pH 
7 and 10, while the PACs surface was also negatively charged (except that 
PAC presented neutral at pH 7). Additionally, if referring to the zeta potential 
characteristic of the UF membrane as shown in Figure 4.39, we can see that 
the UF membrane would also take more negative charge as the pH rose up. 
Therefore, the electrostatic repulsion resulted in the decreased adsorption of 
DCF on PACs as well as on membrane when the pH became higher. In the 
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initial 60 min, the DCF removal efficiency with PAC-UF process only reached 
99.6%, 48.1% and 37.6% at pH 4, pH 7 and pH 10, respectively; while with 
SPAC-UF process, the removal efficiency could reach 100%, 64.8% and 56.9% 
for the condition of pH 4, pH 7 and pH 10, respectively. It was attributed to 
the faster adsorption kinetics of SPAC demonstrated in Section 4.1. Moreover, 
if compared the removal efficiency differences between these two systems 
under various pH, it can be found the removal efficiency for DCF with SPAC-
UF system were 1.00, 1.35 and 1.51 times higher than that of PAC-UF system 
under pH 4, 7 and 10, respectively. It means that the SPAC-UF system may be 
more stable for the pH change compared with the PAC-UF system. 
 
Figure 4.43 Effect of pH on DCF removal by PAC-UF system in pure 
water. 
 




Figure 4.44 Effect of pH on DCF removal by SPAC-UF system in pure 
water. 
 
4.3.3.3 Effect of ionic strength on DCF removal by PACs-UF hybrid 
system in pure water 
DCF removal by PACs-UF system was carried out at different ionic strength 
conditions with different cations, and the results were summarized in Figure 
4.45, Figure 4.46, Figure 4.47 and Figure 4.48. NaCl was used to represent the 
monovalent cation with concentrations of 10 mM and 50 mM, while CaCl2 
was used to simulate the divalent cation with concentrations of 0.3 mM and 
0.6 mM. Generally, SPAC showed better DCF removal performance than 
PAC at all the ionic strength conditions studied. Compared with the DCF 
removal in pure water, the removal efficiency increased with the presence of 
cations. This phenomenon could be attributed to that the addition of inorganic 
salts could decrease the solubility of organic compounds (Berkowitz et al., 
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2014), which lead to a better adsorption performance of DCF. In addition, it 
could be due to the compressed electronic double layer effect with addition of 
cations. The negative charge on the adsorbate surface decreased, which 
facilitated the adsorption of DCF on PACs surface. The compressed electronic 
double layer effect was more pronounced for bivalent Ca
2+
 than monovalent 
Na
+
. For instance, the ionic strength of 50 mM NaCl is 50 mM, which is 
nearly 28 times higher than that of 0.6 mM CaCl2 with an ionic strength of 
only 1.8 mM, but the improvement with addition of 0.6 mM Ca
2+
 by PACs-UF 
was even bigger than that with addition of 50 mM Na
+
. For example, the 
SPAC-UF system could obtain 87.4% removal efficiency with the addition of 
50 mM Na
+
 in 60 min, while the removal efficiency for DCF could maintain 
as high as 98.9% till 60 min with the addition of only 0.6 mM Ca
2+
.  This 
phenomenon revealed that the valence of cation was critical in the hybrid 
process. Importantly, it should be noted that the improvement on DCF 




 was much more obvious than 
that by PAC-UF. The plots in Figure 4.46 and Figure 4.48 even became rather 
stable at the beginning compared with the sharp decline of PAC-UF 
performance in Figure 4.45 and Figure 4.47. Especially for the addition of 0.6 
mM Ca
2+
, the DCF concentration was under detection limit in the initial 50 
min with SPAC-UF, while PAC-UF could only reach 65.7% removal of DCF 
in 50 min. It could be resulted from the zeta potential difference of PACs. The 
point of zero charge of SPAC was 5.81 while that of PAC was 6.96. Hence, 
SPAC was negatively charged at pH 7. The cations might diffuse to the SPAC 
surface, decrease its electronegativity, reduce the repulsive force between 
SPAC and DCF, and subsequently increase the DCF adsorption capacity. 




Figure 4.45 Effect of Na
+




Figure 4.46 Effect of Na
+
 on DCF removal by SPAC-UF system in pure 
water. 
 




Figure 4.47 Effect of Ca
2+




Figure 4.48 Effect of Ca
2+
 on DCF removal by SPAC-UF system in pure 
water. 
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4.3.4 Removal of DCF in HA containing solution by PACs-UF 
hybrid system 
4.3.4.1 Removal of DCF by PACs-UF hybrid process in HA containing 
water 
The 200 mL stirred cell was also used in this part. The initial concentration of 
DCF was 100 µg/L, and the initial TOC of HA was 5 mg/L. The filtration 
experiment run for 4 h and the flow rate was set at 3 mL/min. A pulse dose of 
1 mg PACs in a slurry form was added into the stirred cell, which was 
corresponding to an equivalent dose of around 1.4 mg/L of the treated solution. 
Phosphate buffer was used to maintain pH of the solution at around 7. The 
experiment was performed at room temperature.  
 
Prior to this part of filtration tests, control test was also conducted by 
circulating the solution of DCF in the presence of HA in the stirred cell system 
without inserting UF membrane. The decreasing DCF concentration was less 
than 2.7% (data not shown), indicating the adsorption of DCF on the 
experimental apparatus (e.g., stirred cell, feed tank and pipes, etc.) could be 
neglected. 
 
The DCF removal was also examined in three processes, namely UF alone 
without PACs, SPAC-UF and PAC-UF. Figure 4.49 summarized the DCF 
removal efficiency as a function of time. As can be seen from the figure, the 
DCF removal of UF alone gradually decreased to zero from around 60 min 
onwards. As presented before, the molecular weight of the HA employed in 
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this study was around 4000 Da, while DCF was only 318.13, and the HA, 
DCF and the UF membrane were all negatively charge, so the removal of DCF 
in HA containing water still mainly came from the adsorption by the UF. 
When PAC and SPAC were dosed into the system, the removal efficiency 
improved a lot compared with that of UF alone. SPAC could maintain an 
evidently better performance in the initial 2 h. At 60 min, the removal 
efficiency for SPAC-UF and PAC-UF system were 42.2% and 21.8%, 
respectively. It should be noted that the DCF removal efficiency within 60 min 
could reach 64.8% and 48.1% by these two systems in pure water. The 
reduction could be due to the existence of NOM which could decrease the 
PACs adsorption capacity through pore blockage effect as mentioned in 
previous adsorption batch studies. Moreover, the results showed that the 
reduction of removal efficiency was smaller with SPAC than that with PAC. 
For instance, the DCF removal efficiency with SPAC-UF system decreased by 
35% within 60 min in HA containing solution compared with in pure water, 
while PAC-UF declined by 55%. The reason could be due to that the NOM 
was usually attached on the external surface of the adsorbents (Ando et al., 
2010), and the internal micropores were far more important for the micro 
organic compounds adsorption as discussed in Section 4.1 and 4.2. As the 
particle size of the PAC was largely reduced after grinding, more outer surface 
was exposed to the bulk solution (Ando et al., 2010), and the travel distance 
also became shorter for the DCF diffusion into the internal porous SPAC 
(Matsui et al., 2009a). Therefore, even though the HA might have pore 
blockage effect on the adsorbents, the advantage of more outer surface and 
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less travel distance of SPAC was still much easier for the micro organic 
compound DCF to diffuse into its internal micropores. 
 
Figure 4.49 DCF removal by PACs-UF system in HA containing water. 
 
The HA removal was observed by the UV254 absorbance. UV254 can generally 
represent the aromatic content of organic matters. Figure 4.50 showed the 
organic removal with this PACs-UF system. It can be found that all the UV254 
absorbance values were quite low, which indicated that the aromatic portion 
was mostly removed. This result was also in consistence with the feature that 
the PACs could most likely capture the hydrophobic organics fractions as 
showed in previous NOM effect study. 




Figure 4.50 HA removal by PACs-UF system. 
 
4.3.4.2 Effect of pH on DCF removal by PACs-UF hybrid system in HA 
containing water 
Figure 4.51 and Figure 4.52 showed the effect of pH on this hybrid PACs-UF 
system for DCF removal. Three different pH values (4, 7 and 10) were chosen 
according to the pKa value of DCF. The pH effect was observed to be the same 
as the results in single-organic solution in pure water. The DCF removal 
efficiency decreased as the increasing of pH. pH 4 showed the highest removal 
efficiency, while pH 10 had the lowest, and they differed greatly. For example, 
the DCF removal efficiency with the SPAC-UF process could obtain 96.1%, 
42.2% and 25.5% in 60 min at pH 4, pH 7 and pH 10, respectively. It can be 
explained that the DCF was in the neutral form at pH 4 and it was easier to be 
attached on the hydrophobic surface of adsorbents. When pH equaled to 10, 
the DCF was negatively charged and the PACs were also negatively charge as 
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their pzc was smaller than 7. Moreover, the UF membrane would take more 
negative charge as the pH became higher. Thus, the removal performance was 
the lowest in the condition of pH 10. If comparing the removal efficiency of 
these two processes, it can be found that the DCF removal efficiency with 
SPAC-UF was better than PAC-UF at all pH values. Within the initial 1 h, the 
DCF could only obtain a removal efficiency of 88.0%, 21.8% and 18.9% by 
the PAC-UF system at pH 4, pH 7 and pH 10, respectively. 
 
Figure 4.51 Effect of pH on DCF removal by PAC-UF system in HA 
containing water. 
 




Figure 4.52 Effect of pH on DCF removal by SPAC-UF system in HA 
containing water. 
 
Figure 4.53 and Figure 4.54 showed the pH effect on the HA removal by the 
PACs-UF system. It revealed that the UV254 absorbance for pH 7 and pH 10 
did not have obvious differences, but the HA removal efficiency turned to be 
the lowest when pH equaled to 4, which was just opposite with that for DCF 
removal. This phenomenon was interesting since HA was also uncharged in 
the acidic pH range and its removal efficiency was supposed to be good. The 
only reason could be due to that the removal efficiency for DCF at pH 4 was 
so high that in turn may interrupt the removal of HA. Song et al. (2009) 
studied the adsorption capacity of 17β-estradiol (E2) and NOM from lake 
water with PAC, and he found the Freundlich constant for E2 was 3.72, while 
the Freundlich constant for NOM was only 1.37×10
-11
, indicating the capacity 
of PAC for E2 was much larger than that for NOM. If referring to the pure 
water condition as showed in Figure 4.43, as the initial concentration of DCF 
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was in the relatively low range (much smaller than the maximum capacity), 
the SPAC-UF system presented an excellent removal efficiency of 100% for 
DCF within the whole experiment duration of 4 h, and its superiority was 
extremely significant compared with the conditions of pH 7 and pH 10. Thus, 
it presented that the affinity of uncharged DCF with PACs was quite good. In 
addition, as the experiment setup was a continuous flow system, and the feed 
solution could only retain in the stirred cell for around 67 min. We may 
assume that as the molecular weight of DCF was much smaller than HA, 
leading to a faster diffusion rate for DCF. Therefore, within the limited 
retention time, the DCF may take up much more adsorption sites in which 
some could be even on the adsorbent surface, resulting in that the HA removal 
in the acid condition turned to be worse than the conditions of neutral and 
basic. 




Figure 4.53 Effect of pH on HA removal by PAC-UF system in HA 
containing water. 
 
Figure 4.54 Effect of pH on HA removal by SPAC-UF system in HA 
containing water. 
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4.3.4.3 Effect of ionic strength on DCF removal by PACs-UF hybrid 
system in HA containing water 




 because their 
concentrations in natural water were the highest ones compared with other 
cations as shown in Table 4.11. Figure 4.55 and Figure 4.56 showed the effect 
of Na
+
, while Figure 4.59 and Figure 4.60 showed the effect of Ca
2+
. It can be 
seen that the addition of Na
+
 could improve the DCF removal efficiency to 
some extent. This could be due to that high concentration of salts might 
decrease the solubility of DCF, which made the electronegativity of DCF 
decreased and more liable to be adsorbed. However, it is revealed from Figure 
4.59 and Figure 4.60 that the DCF removal efficiency decreased with the 
addition of Ca
2+
. The reason could be due to that the bridging effect might be 
more severe than that of Na
+
, namely the Ca
2+
 could attach with the HA and 
form more complicated compounds, and these complex compounds could 
easily block the pores of the PACs and interrupted the adsorption of DCF. 
 
Figure 4.57, Figure 4.58, Figure 4.61 and Figure 4.62 presented the change of 
organics with the addition of different concentration of cations. It can be seen 





. For the reduction with presence of Na
+
, it could be resulted 
from that more DCF might take the adsorption sites with the addition of Na
+
 
as explained in Section 4.3.3.3. Since the initial concentration of DCF was in 
the relatively low range and DCF could diffuse into the PACs much faster 
within the limited retention time of 67 min. Therefore, NOM uptake might be 
lower as the addition of Na
+
, since some adsorption sites on the external area 
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were even taken by DCF. However, for Ca
2+
, as the initial HA concentration 
was already in the relatively high range if comparing with the HA 
concentration effect study in Section 4.2.2, the pore blockage effect might be 
more severe. Additionally, Ca
2+
 and HA could combine and form very stable 
complex with much bigger molecular size under neutral pH range, (Ram and 
Raman, 1984; Evangelou et al., 1999). The complex might cover the surface 
of the adsorbents and even interrupt further adsorption of HA and DCF. 
 
Figure 4.55 Effect of Na
+
 on DCF removal by PAC-UF system in HA 
containing water. 
 




Figure 4.56 Effect of Na
+




Figure 4.57 Effect of Na
+
 on HA removal by PAC-UF system in HA 
containing water. 
 




Figure 4.58 Effect of Na
+




Figure 4.59 Effect of Ca
2+
 on DCF removal by PAC-UF system in HA 
containing water. 
 




Figure 4.60 Effect of Ca
2+




Figure 4.61 Effect of Ca
2+
 on HA removal by PAC-UF system in HA 
containing water. 
 




Figure 4.62 Effect of Ca
2+
 on HA removal by SPAC-UF system in HA 
containing water. 
 
4.3.5 Feasibility study of PACs-UF hybrid system for DCF 
removal in natural source water 
4.3.5.1 TMP buildup of PACs-UF hybrid system 
In last section, it has been proved that DCF could be pre-adsorbed on the 
PACs and rejected together with the PACs particles by the UF membrane. 
Actually, the PACs were supposed to compete with the UF membrane for the 
adsorption of organics, otherwise the organics would attach on the membrane 
surface and cause membrane fouling. In this part, the feasibility of the PACs-
UF system was investigated with natural source water. The 200 mL stirred cell 
was used as the membrane reactor. DCF was spiked into the lake water with a 
concentration of 100 µg/L, and the TOC of the lake water was adjusted to 
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around 4 mg/L. The flux of the effluent was fixed at 100 L/m
2
/h, which was 
equaled to a flow rate of around 4.8 mL/min. 
 
Figure 4.63 compared the TMP profile of the UF system (without PACs) for 
the natural souse water filtration with an operation time of 12 h in the 
following two conditions, one feed was just the lake water, and the other one 
was lake water with 100 µg/L DCF injected. Before doing the filtration, the 
inherent membrane resistance was tested with distilled water. From Figure 
4.63, it can be seen that the trans-membrane pressure buildup rate increased 
with the addition of DCF, which means that the existence of micro organic 
compounds may have negative effect on the filterability of the UF membrane. 
At the end of the filtration, the TMP of the only lake water fitration condition 
reached 44.6 KPa, while that of lake water with DCF injected was 48.9 KPa. 
The finding was in accordance with previous report (Song et al., 2009). They 
applied a PAC-MF process to investigate the removal performance of E2. The 
MF membrane they used was with a pore size of 0.4 µm and the flux they used 
was 80 L/m
2
/h. Their experiment was performed with the mode of permeate of 
the membrane circulating back to the feed. They circulated the solutions for 4 
to 7 days and also find the TMP buildup in the single NOM solution was 
slower than that of the multiple solution of E2 with NOM. Since the DCF 
itself without NOM was not a foulant for UF membrane (data not shown), it 
implies that the co-existence of DCF and NOM would aggravate the fouling 
tendency. 




Figure 4.63 TMP profile of UF system for natural source water filtration. 
 
PAC combined with UF was a promising water treatment option, but the 
studied relating to PAC effect on the membrane fouling even showed 
contradictory results (Campinas and Rosa, 2010). Figure 4.64 presented the 
TMP profile of PACs-UF hybrid system for natural source water filtration. 
DCF was also spiked into the lake water with a concentration of 100 μg/L. The 
PACs dosage was 1.4 mg/L. It can be found that with the addition of 
adsorbents, the TMP buildup rate decreased apparently for both SPAC-UF and 
PAC-UF systems compared with that for only UF system. The TMP buildup 
increased by 41.8% and 34.3% for the SPAC-UF and PAC-UF system, 
respectively, while the UF only system increased by 62.3% with a filtration 
period of 5 h. Therefore, the PACs-UF hybrid system could alleviate the 
organic matters to be attached on the membrane surface and prevent the 
membrane from fouling. Another phenomenon should be paid attention was 
that the TMP buildup rate for SPAC was faster than PAC from 2 h onwards. 
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For example, the TMP buildup increased by 14.6% for the SPAC-UF system 
within the period of 2 h to 5 h, while the TMP buildup for the PAC-UF system 
was only 0.83% from 2h onwards. That could be due to that the particle size of 
SPAC was much smaller than PAC, when the PACs were retained by the 
membrane, the cake layer formed by SPAC could be denser. However, the 
removal kinetics of SPAC was much faster than PAC as mentioned in 
previous sections, which may offset this problem, and the TMP buildup rate 
did not varied much in the initial 2 h owing to better removal efficiency of 
SPAC than that of PAC. Moreover, as pulse adsorbents input method and 
dead-end filtration setup was used in this study, so the performance of SPAC 
may be underestimated. Therefore, the addition of both PAC and SPAC would 
have positive effect on the operation of the filtration process. The results was 
in consisted with the literatures which suggested that the PAC could improve 
of permeate flux, prolong the filtration runs or reduce the frequency of 
chemical washing (Adham et al., 1991; Konieczny and Klomfas, 2002; Lee et 
al., 2007). 




Figure 4.64 TMP profile of PACs-UF system for natural source water 
filtration. 
 
After the filtration experiments, the membrane discs were taken out and their 
surface images were analyzed as shown in Figure 4.65. It generally revealed 
that in the condition of without PAC injection, the membrane fouling of lake 
water with DCF was more severe than that of only lake water since the yellow 
color on image (b) was deeper than that of image (a). When PACs was added, 
the fouling on the membrane surface was reduced as the color on the 
membrane surface became lighter. In addition, it can be seen that membrane 
surface was attached with some PACs, and the image (d) was darker since the 
particle size of SPAC was much smaller. 




Figure 4.65 Image of the UF membrane discs after filtrations: (a) only UF, 
LW; (b) only UF, LW+DCF; (C) PAC-UF, LW+DCF; and (d) SPAC-UF , 
LW+DCF. 
 
Figure 4.66 presented the morphology of the fouled membrane obtained from 
SEM. It was obvious that the cake layer formed from the filtration of lake 
water with DCF was much denser than that of the lake water only (as showed 
in image (a) and (b)). When PACs were combined with UF membrane, the 
cake layer on the membrane surface (as showed in image (c) and (d)) was 
much porous compared with that of the UF only process. 
 
Figure 4.66 SEM images of the fouled membrane: (a) only UF, LW; (b) 
only UF, LW+DCF; (C) PAC-UF, LW+DCF; and (d) SPAC-UF , 
LW+DCF. 
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4.3.5.2 DCF removal with the PACs-UF hybrid system 
Figure 4.67 showed the removal efficiency of DCF with the PACs-UF system 
in the initial 50 min. It can be found that SPAC-UF system gave a better 
removal efficiency, as in 20 min, the SPAC-UF system could obtain a DCF 
removal of 53.5%, while PAC-UF could only get 45.8% removal. The 
removal difference became smaller as the increase of time and finally reached 
approximately the same removal efficiency as the PACs gradually became 
saturated. Since the adsorbents were added with the pulse input method at the 
beginning of the experiments and the membrane was with the dead end mode, 
the removal efficiency of DCF by this PACs-UF may be underestimated. 
 
Figure 4.67 DCF removal by PACs-UF system in natural source water. 
 
4.3.5.3 NOM removal efficiency with the PACs-UF hybrid system 
The concentration of different NOM fractions of the feed and permeate was 
further investigated with LC-OCD. Table 4.13 and Table 4.14 summarized the 
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feed and permeate in the UF only system and the PACs-UF system at 5 h, 
respectively. The DOM could be separated into five fractions: biopolymer, 
humic substances, building blocks, low-molecular weight acids and low 
molecular weight neutrals. From Table 4.13, it can be found that after spiking 
DCF into the lake water, the removal efficiency of the biopolymer part largely 
increased with the UF only system. For example, when the feed water was the 
lake water only, the biopolymer removal efficiency could reach 81.9%, while 
when adding DCF into the lake water, the biopolymer removal efficiency 
could even obtain 93.2%. The biopolymer usually stands for the presence of 
polysaccharides, protein and amino sugars, and their molecular weight is of 10 
KDa or higher (Huber et al., 2011). As the MWCO of the UF membrane 
employed in this study was 100 KDa, the dramatic reduction of biopolymer 
could be due to the UF membrane was apt to adsorb biopolymer on the 
membrane surface. This was in accordance with the previous hypothesis that 
NOM may combine with the DCF which made the TEM buildup faster when 
adding DCF into the lake water because the biopolymer fraction was 
continuously attached on the membrane surface. From Table 4.14, it can be 
found that biopolymer removal efficiency was lower when adding PACs 
compared with the UF only process, which was mainly due to that the PACs 
occupied on the membrane surface and prevented the attachment of the 
biopolymer onto the membrane. 
 
As the PACs-UF system employed in this study was a continuous process with 
a pulse input of PACs at the beginning of the filtration, the adsorption capacity 
of the adsorbents would become lower as time passed by. The removal 
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efficiency of DCF with PACs was almost zero as showed in Section 4.3.4.1. It 
can be found that the PACs-UF system also could not remove humic substance, 
building blocks and neutrals any more by 5 h, whose molecular weights were 
all lower than that of biopolymer. 










Biopolymers 72 13 74 5 
Humics 1415 1309 1464 1476 
Building blocks 735 797 712 707 
Neutrals 1600 1711 1760 1867 
Acids 0 0 0 0 
 









Biopolymers 65 10 11 
Humics 1483 1387 1368 
Building blocks 672 704 723 
Neutrals 1707 1756 1651 
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5 SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
5.1 Summary 
The recent emergence of EDCs and PPCPs in water environment have become 
an emerging issue in drinking water treatment. Amongst all the treatment 
technologies, adsorption by activated carbon has been considered as a flexible, 
convenient and economical way for EDCs/PPCPs removal. The overall 
objective of this study was to produce SPAC, a kind of adsorbent with fast 
adsorption kinetics, and to develop a hybrid process of combining activated 
carbon adsorption with ultrafiltration to eliminate EDCs/PPCPs in drinking 
water. The results of this present study have significant impacts on drinking 
water treatment process design. It brings in a new kind of adsorbent and 
demonstrates the possibility to use SPAC to perform a much faster kinetics 
than PAC, which has great potential in dealing with the emergency water 
pollution situation in future. Moreover, it also provides the removal 
mechanism of EDCs/PPCPs when treating them with PAC/SPAC and low 
pressure membranes in real water matrix. This chapter summarizes the results 
of the research work described in the previous chapters and suggestions for 
future work are proposed. 
 




In this study, SPAC with fast adsorption kinetics was successfully prepared. 
The adsorption mechanism for EDCs/PPCPs was comprehensively 
investigated. A hybrid SPAC-UF process was proposed and the feasibility of 
DCF removal was evaluated in different matrix. The following conclusions 
could be drawn from this study. 
 
(1) The adsorption kinetics for EDCs/PPCPs (E1, CBZ and DCF) was largely 
improved with SPAC either in pure water or HA containing water, It could 
be due to the shorter travel distance for intra-particle diffusion with a 
smaller size of adsorbent, and also the external surface area became larger 
after grinding. The maximum adsorption capacity was the same for 
EDCs/PPCPs in both pure water and HA containing water, indicating that 
the micropores may play a more important role on micro organic 
pollutants removal. The pKa values of EDCs/PPCPs took a crucial role on 
the pH effect on the adsorption performance. 
(2) The adsorption kinetics and capacity were negatively affected with the 
presence of NOM. The adsorption capacity decreased as the NOM 
concentration became higher. The direct adsorption sites competition by 
NOM with similar molecular weight would pose the most adverse effect 
on the adsorption of E1. The adsorption performance of E1 was the best 
when it existed in the hydrophobic NOM matrix, which could be attributed 
to that E1 was apt to form hydrogen bond with the hydrophobic fraction 
and was removed with the NOM simultaneously. 
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(3) It was demonstrated that the hybrid SPAC-UF system could obtain much 
better DCF removal efficiency than PAC-UF under different water 
chemistry conditions. The DCF removal efficiency increased as the pH 
decreased. The presence of cations could also improve the DCF removal 
except for the condition of Ca
2+
 in HA containing water, since Ca
2+
 and 
HA could form stable complex with much bigger molecular size which 
might cover the surface of the adsorbents and interrupt further adsorption 
of HA and DCF. 
(4) For natural source water treatment, biopolymer was the main fouling 
ingredient. The addition of adsorbents could retard the TMP buildup and 
alleviate the membrane fouling. 
 
5.3 Recommendations 
SPAC was demonstrated to be a kind of effective adsorbent with fast 
adsorption kinetics in dealing with the emerging pollutants. However, since 
time is limited for the entire study, it still has three limitations for this work. 
Firstly, the grinding method was the best approach which could be found 
according to the experiment facilities around. The diameter of the milling ball 
(20 mm) used in this study was a little big and it may have some adverse 
effects in producing the submicron-sized adsorbent. The grinding efficiency 
may be improved if using smaller milling balls (1 mm). Secondly, although 
small molecular weight organic contaminants are a wide class of compounds 
which are posing various threats to environment and human beings, this study 
mainly involved three kinds of EDCs/PPCPs (E1, CBZ and DCF). The 
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outcomes could be more comprehensive if more compounds could be taken 
into consideration. Thirdly, pulse dosing method was chosen in this study and 
the flux was also set high (100 L/m
2
/h) in order to see the fouling phenomenon 
faster, so the DCF removal efficiency could be underestimated in the natural 
source water. 
 
Based on the achievements obtained from this research work, the following 
recommendation is provided for further studies. As the mirco organic 
compounds exist in the aquatic environment simultaneously, establishing the 
adsorption mechanisms for the multi-component systems and determining the 
interactions between all of these micro organic compounds and activated 
carbon may be necessary in next step. In addition, the results in this study 
suggested that the negatively charged compounds are the most difficult 
contaminants to be removed from different water matrix. In order to solve this 
problem, further work may be needed to develop a kind of adsorbent with fine 
particle size and whose zero point charge is also high to improve the removal 
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